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ABSTRACT

The primary goals of this research were to (i) determine the factors controlling the
chemical compositions of pore fluids in hydrocarbon seep sediments of the Gulf of
Mexico, and (ii) delineate the nature, age and origin of barite deposits associated with
seeps.
Three types of pore fluids from seeps have been discerned: (i) sediment-trapped
seawater; (ii) brines derived by seawater dissolution of subsurface salt diapirs; and (iii)
deep-seated formation waters enriched in Ba and Ra. The Ra-enriched formation waters
advecting to the seafloor may explain why "

6

Ra levels in the Gulf of Mexico water

column are higher than in the inflowing Caribbean Sea waters.
Microbial sulfate reduction exerts a major control on the origin and distributi^:: of
authigenic carbonates in seeps. Sulfate reduction using methane in sediments underlying
mussel beds exhibits higher reduction rates than those using crude oil in bacterial mats.
Consequently, pore fluids in mussel beds are highly supersaturated with respect to
aragonite, calcite and high-Mg calcite, whereas most pore fluids from bacterial mats are
undersaturated. These results are consistent with the observation that authigenic carbonates
are often associated with mussel beds but rarely occur in bacterial mats.
Hydrocarbon seeps serve as a convenient natural laboratory for investigating stable
isotope fractionations resulting from microbial sulfate reduction. The calculated
fractionation factors in seeps range from 1.009 to 1.026 for sulfur and 1.002 to 1.014 for
oxygen, and are controlled by sulfate reduction rates. In contrast to previous investigations

xv
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which found a fixed 4/1 8 ^ S / 8 ^ 0 ratio during sulfate reduction, this study indicates that
the ratio also varies with reduction rates.
The seep barites occur as chimneys and crusts. The chimneys are 0.5 to 6.5 years
old and their estimated growth rates vary from 4.4 cm/yr to 9.1 cm/yr, whereas the crusts
are 9.0 to 23.1 years old. Sulfur, oxygen and strontium isotope compositions suggest that
the chimneys formed at or above the sediment-water interface by mixing of sulfate-rich
seawater with Ba-, Sr-, and Ra-rich formation fluids seeping with hydrocarbons. The
crusts precipitated below the sediment-water interface by mixing of the formation fluids
with residual seawater sulfate depleted by sulfate-reducing bacteria.

xvi
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CHAPTER 1

INTRODUCTION TO STUDY

1.1 OBJECTIVES
The purpose of this dissertation is two-fold: (i) to identify the factors affecting the
chemical compositions of pore fluids in seep sediments and trace their sources, and (ii) to
delineate the nature, age and origin of barite deposits associated with hydrocarbon seeps
on the northern Gulf of Mexico slope. The specific objectives are to:
1

) determine the sources of pore fluids in hydrocarbon seeps.

2

) delineate microbial processes occurring in seep sediments and their effects on the
chemistry and isotopes of pore fluids.

3) investigate the systematics of Ra and Ba in seep fluids.
4) determine the ages and growth rates of the barite deposits associated with seeps.
5) elucidate the origin and the depositional conditions during the precipitation of the
barite.
Over the past decade, studies of hydrocarbon seeps were largely focused on the
occurrence of chemosynthetic communities and the geochemistry of authigenic carbonates
associated with hydrocarbon seeps (Pauli, 1984; Kennicutt et al., 1985; Kulm et al.,
1986; Nanci et al., 1987; Roberts et al., 1992a; Aharon, 1994b; Aharon et al., 1997).
Only a few studies of pore fluid geochemistry have been produced so far, although such
data are critical for understanding the chemical and microbial processes in seeps. These
include the studies by Aharon et al (1992a) in the northern Gulf of Mexico and Coston

1
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2
(1989), Pauli et al. (1992) and Chanton et al. (1993) in the Honda Escarpment which
explored the origin of brine seeps, and the studies by Suess and Whitcar (1989) and
Masuzawaet al. (1992) which investigated pore fluid chemistry resulting from sulfate
reduction using seeping methane from the Oregon subduction zone, and Sagami and
Nankai Troughs, respectively. In this dissertation I will show that three types of pore
fluids can be distinguished in hydrocarbon seeps on the northern Gulf of Mexico slope.
Sources and processes controlling the chemical compositions of these pore fluids will be
determined. The effects of microbial processes on pore fluid chemistry and isotopes will
be investigated in detail, and the relationships between hydrocarbons, microbial processes
and the precipitation of authigenic carbonates in seeps will be clarified.
Previous investigations into the occurrence of radium in the Gulf of Mexico have
indicated that 226r 3 activity in bottom and surface waters are higher than those in the
inflowing Caribbean Sea waters (Reid, 1979, 1984; Key, 1981). fherefore, a measurable
internal source accounting for the excess radium was proposed to exist in the Gulf of
Mexico. This excess radium was attributed by Reid (1984) to a source located on the
northern Gulf of Mexico shelf and by Key (1981) to a cumulative effect related to a longer
residence time of the water in the Gulf of Mexico. More recently, studies by Moore
(1996,1997) have indicated that submarine groundwater discharge may be responsible
for the 226r e enrichment to coastal waters, and such fluxes may contribute to the 226r s
budget in the global ocean. In the pursuit of establishing the source(s) of excess radium in
the Gulf of Mexico and the fluxes of Ra in the ocean, the possibility of natural discharges
of radium-rich fluids from a source below the sea floor has been ignored in previous
investigations. In this dissertation, I will show that some fluids advecting to the sea floor
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are anomalously enriched in 226r 3 ^

228r 3 (and Ba). The flux of radium and Ba-rich

fluids from a point source will be estimated. In addition, the origin and the effects of this
new radium source on the water column and the marine habitats in the Gulf of Mexico
will be discussed.
The most common geological product in hydrocarbon seeps is authigenic carbonates
(Aharon, 1994b; Aharon et al., 1997; Ferrell and Aharon, 1994; Roberts and Aharon,
1994). In the fall o f 1993, this author participated in routine submersible dives which led
to the discovery of extensive fields of barite deposits consisting of chimneys and crusts
associated with hydrocarbon seeps on the northern Gulf of Mexico slope. Laboratory
studies have indicated that these barite deposits are radioactive. The finding of the Gulf of
Mexico barite has far-reaching implications concerning hydrocarbon exploration,
production and environments in the Gulf of Mexico because of the intimate association of
the barite with hydrocarbon seeps and high radioactivity. However, any implication
inferred from the Gulf of Mexico barite will be challenged by the correct interpretation of
the age and origin of the barite. In this dissertation, the petrography and geochemistry of
the barite will be examined, a dating scheme for the barite will be developed and applied,
the origin and a barite depositional model will be established on the basis of geochemistry
and isotopes.
1.2 BACKGROUND
1.2.1 Submarine hydrocarbon seeps
The discovery of hydrothermal vents and vent fauna at deep-sea spreading centers
(Corliss et al., 1979; Ballard, 1984; Johnson et al., 1988) preceded documentation of
hydrocarbon seeps and similar chemosynthetic communities. These hydrocarbon seeps
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are found in a variety of geological settings including: (i) technically active convergent
margins, such as the accretionary prism areas of the Oregon subduction zone (Kulm et
al., 1986; Ritger et al., 1987; Suess et al., 1989) and the slopes of the Nankai Trough and
Japan Trench (Ohta and Laubier, 1987; Sibuet et al., 1988; Lallemand et al., 1992); and
(ii) technically passive continental margins such as the North Sea (Hovland et al., 1987;
Hovland, 1992), the Florida Escarpment (Pauli et al., 1984; Pauli and Neumann, 1987;
Commeau et al., 1987; Chanton et al., 1991; Pauli et al., 1992) and the continental slope
of northern Gulf of Mexico (Kennicutt et al., 198S; Brooks et al., 1987; Roberts et al.,
1990, 1992b; Aharon, 1994a,b). A summary of geologic and biologic products of
hydrocarbon seeps from different geological environments in the modem oceans is given
in Table 1.1. The following review concentrates on the studies in the northern Gulf of
Mexico.
The presence of oil and gas seepage on the continental slope of the northern Gulf of
Mexico was first reported in the early 1900’s (Soley, 1910). Extensive studies have been
conducted in the last decade through submersible dives and laboratory works (Anderson
et al. 1983; Brooks et al. 1984; Behrens, 1988; Kennicutt and Brooks, 1990; MacDonald
et al., 1990a,b; Roberts et al., 1990; Roberts and Aharon, 1994; Aharon et al., 1992a,b;
Aharon, 1994a; Carney, 1994; Larkin et al., 1994; Sassen et al., 1994). Seeping
hydrocarbons are present either in liquid (crude oil) or gas (thermogenic and/or biogenic)
forms (Anderson et al., 1983; Anderson et al., 1992). Seeps often create localized
habitats that are colonized by abundant sulfur and/or carbon based chemosynthetic
communities which have adopted chemosymbiosis (Jannash and Mottl, 1985; Kennicutt
et al., 1985; Tunnicliffe, 1992). The most common chemosynthetic organisms associated
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Table 1.1* Geological and biological products of submarine hydrocarbon seeps.
Tectonic
setting

Seep
area

Hydrocarbon
source

Seep
fluids

Seep
deposits

Formation waters,
brine
seawater

Carbonates,
barites,
gas hydrates

Mussels,
clams,
tube worms,
bacteria] mats

1-7

Florida
Escarpment

Biogenic methane

Brine.
formation waters

Carbonates

Mussels,
clams,
tube worms,
bacteria] mats

8-11

North Sea

Biogenic methane,
thermogenic methane
erode oil(?)

Formation fluids(?)

Carbonates
gypsum

Clams,
lube worms,
bacterial mats

12-13

Washington-Oregon

Biogenic methane

Formation fluidsf?)

Carbonates

Clams,
mussels,
tube worms

14-16

Japan Trench

Biogenic methane

Formation fluids(?)

Carbonates

Clams,
tube worms,
bacterial mats

17-20

Barbados Prism

Biogenic methane

Formation fluids(?)

Carbonates

Mussels,
clams,
tube worms

Formation fluids

Carbonates,
barites

Clams

Passive

margins

Margin

Convergent
plate
boundaries

References'

Biogenic methane,
thermogenic methane,
crude oil

Northern Gulf
of Mexico

continental

Cbemosythetic
communities

Peru Subduction
Zone

7

21

22-24

a The table is modi Tied from Roberts and Aharon (1994).
b References: 1= Kennicutt et al., 198S; 2 = Brooks et al., 1985; 3 = MacDonald et al., 1990a; 4 ,5 = Aharon et al., 1992a,b; 6 = Roberts et al.,
1992a; 7 = Roberts and Aharon, 1994; 8 ,9 = Pauli et al, 1984,1992; 10 = Coston, 1989; II = Chanlon et al., 1991; 12 = Hovland elal., 1987;
13 = Hovland, 1992; 14 = Kulm et al., 1986; 15 = Rilger et al., 1987; 16 = Suess and Whiticar, 1989; 17 = Ohta and Laubier, 1987;
18 = Sibuet et al., 1988; 19 = Lalleman et al., 1992; 20 = Hamamoto and Horikoshi, 1993; 21 = Faugeres et al., 1990;
22 = Fiala-Medioni et al., 1992; 23 = Dia et al., 1993; 24 = Aquilina et al., 1997.
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with hydrocarbon seeps are Beggiatoa spp., vestimentiferan tube worms and vesicomyid
clams which derive their energy from oxidation of reduced sulfur compounds (e.g.,
H 2 S), and mussels (Bathvmodiolus sp.) which derive their energy from oxidation of
methane (Brooks et al., 1987; MacDonald et al. 1989, 1990a,b). Although it is generally
accepted that the presence and distribution of chemosynthetic communities are controlled
by geological and geochemical factors (Kennicutt et al. 1985; MacDonald et al. 1989,
1990 a,b), the reason for changes in the specific makeup of the chemosynthetic
communities at different seep sites is not well understood (Sassen et al., 1994).
Hydrocarbon seeps also create characteristic seafloor features. Authigenic
carbonates, which are the by-products of microbial oxidation of hydrocarbons, are the
most ubiquitous geological products in seeps (Behrens 1988; Roberts et al., 1989, 1990a;
Aharon, 1994a; Aharon et al., 1997; Roberts and Aharon, 1994). These carbonates
consist of nodules, hardgrounds, isolated slabs, and moundlike buildups (Roberts and
Aharon, 1994). The carbonate phases in the authigenic carbonates are primarily Mgcalcite, aragonite, and dolomite (Aharon, 1994a; Ferrell and Aharon 1994; Roberts and
Aharon, 1994). Gas hydrate mounds, which consist of thermogenic or biogenic methane,
have also been observed in seep sites deeper than 500 m (Brooks et al., 1984, 1985). In
addition, a variety of mud volcanoes occur in seep sites (Neurauter and Roberts, 1994).
Equally important, the seeps affect the chemistry (Aharon et al., 1992b) and enhance the
microbial productivity of the overlying water column (LaRock et al., 1994).
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1.2.2 Barite in marine environm ents
Barite has often been detected in the water column and deep-sea sediments
underlying productive areas of the eastern equatorial Pacific and less often the Atlantic
(Church, 1970; Dehairs et al., 1980; Bishop, 1988; Paytan et al., 1993; Gingele, 1994).
In the water column and in marine sediment barites are commonly found as 0.5 - 5 |xm
microcrystalline minerals (Goldberg, 1958; Dehairs et al., 1980; Bishop, 1988; Paytan et
al., 1993). The possibility of direct precipitation of barite from normal seawater is
presently a subject for debate, because seawater is undersaturated with respect to barite
(the average concentration of barium of seawater is about 14 ppb, while the saturation
value is 44 - 50 ppb (Church and Wolgemuth, 1972)). At present, it is generally accepted
that most barite in the water column and sediments results from concentration of barium in
the marine biological cycle (e.g. Church, 1970; Dehairs et al., 1980, 1992; Bishop,
1988). It is believed that barium is extracted from surface water by biological activity. The
suspended particles of marine barite subsequently precipitate after degradation of biogenic
organic phases and release of barium into sulfate-rich micro-environments (Chow and
Goldberg, 1960; Dehairs et al., 1980). Two sources account for sedimentary barite; (i)
barite is generated in the water column and, (ii) barite is diagenetically precipitated within
the sediments as barium is released from the decay of fecal material settling from the water
column (Church, 1970; Dehairs et al., 1980).
Barite has also been found in deep see hydrothermal environments such as the Lau
Basin (Bertine and Keene, 1987); the Red Sea (Strizhov et al., 1988); Mariana backarc
basin spreading axis (Kusakabe et al., 1990); Juan De Fuca ridge (Hannington and Scott,
1988); and Guaymas Basin (Peter, 1988). Barite formed in hydrothermal environments is
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generally associated with sulfide minerals such as sphalerite, galena, pyrite and/or silicate
minerals. The deposits can either be dominated by barite or contain only trace amounts.
Generally, barite crystals (> 0.2 mm) formed in hydrothermal sites are much larger in si/e
than those of pelagic sedimentary barites. Two processes have been proposed for the
formation of submarine hydrothermal barites. One is the oxidation of a barium-rich
hydrothermal solution containing sulfur in a reduced state (McDuff and Edmond, 1982),
and the other is the mixing of a barium-rich hydrothermal solution with sulfate-rich cold
sea water (Zierenberg et al., 1982; Peter and Scott, 1988).
Recently, massive barite concretions have been reported at cold venting sites in the
convergent margin off Peru (Dia et al., 1993; Aquilina et al., 1997). On the basis of
sulfur, oxygen and strontium compositions of barite, it has been demonstrated that barite
there is formed by the mixing of Ba- and Sr-rich venting fluids and the sulfate-rich
seawater (Aquilina, 1997).
1.3 GEOLOGICAL SETTINGS
The Gulf of Mexico is a relatively small, semi-enclosed ocean basin about 1.5
million km^ (Bouma et al., 1990). The basin formed during late Triassic rifting of the
Pangea supercontinent, and was floored by a thick salt deposit (Louann Salt) during
middle Jurassic marine incursions (Salvador, 1987). Since late Cretaceous times, the
northern rim of the Gulf has received large volumes of river-bome siliciclastic sediments
that have prograded the shelf edge hundreds of kilometers to its present position
(Woodbury et al., 1973). Deposits from the shelf were carried onto the slope and basin
floor through incised canyons by sliding, slumping, debris flow, and turbidity currents
during relative lowstands (Weimer, 1990). The interplay between intense periods of
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sedimentation and compensating salt tectonics has resulted in a present-day rugged slope
configuration regionally characterized by numerous domes and basins (Martin and
Bouma, 1982).
The thick (about 15,000 m, Bouma et al., 1990) terrigenous clastic sediment apron
provides the northern Gulf of Mexico with numerous hydrocarbon reservoirs and traps.
The movement of subsurface Jurassic-age salt diapirs results in the development of
growth-fault networks which provide conduits for hydrocarbon seepage of single or
multiple sources ranging from biogenic to thermogenic gases and crude oil (Behrens,
1988; Kennicutt and Brooks, 1990; Sassen et al., 1993).
The study areas are shown in Figure 1.1. The sediment cores from which pore
fluids were obtained were taken from Green Canyon (GC) block 184/185 (also known as
Bush Hill site, 27°46'N; 9lO30’W), block 232 (27°00'N; 90°17’W), Green Knoll
(28°01'N; 89°43'W), Mississippi Canyon (MC) block 929 (28°01’N; 89°43'W) and
Garden Banks (GB) block 382 (27°38'N; 92°28’W). The barites were sampled in MC929 and GB-382. The water depth of the study areas ranges from 520 to 1958 meters.
GC-232 and GC-184/185 are characterized by numerous gas and crude oil hydrocarbon
seeps, a variety of chemosynthetic communities, and gas hydrates. Green Knoll is a site
where brines were issuing over a shallow salt diapir (Aharon et al., 1992a). MC-929 and
GB-382 are sites of intense gaseous hydrocarbon and fluid mud seeping from numerous
cone-shaped mud volcanoes seated over shallow salt diapirs (Figs. 1.2 and 1.3). Active
barite deposition is taking place in these areas. Dense communities of methanotrophic
mussels (Bathymodiolus sp.), neritid gastropods, and galatheid crabs inhabit the flanks of
these mud volcanos. Other thiotrophic chemosymbiotic biota, such as tube worms, clams,
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and bacterial mats, common elsewhere in the Gulf seeps, are conspicuously absent from
this site.
1.4 OUTLINE OF DISSERTATION
The analytical methods used in this dissertation are summarized in Figures 1.4 and
1.5. The topics covered in this dissertation can be divided into two parts. In the first part,
which includes Chapters 2,3, and 4, the geochemistry and radioactivity of pore fluids in
hydrocarbon seeps are examined. In the second part, which includes Chapter 5 , 6 , and 7,
the nature, age, growth rate and origin of barite deposits associated with hydrocarbons are
reported.
In Chapter 2, chemical and isotope compositions of pore fluids acquired during
three submersible cruises in 1990, 1993 and 1995 are presented. In 1990, sediment cores
were taken on top of Green Knoll where brines were issuing over a shallow salt diapir
rising seaward of the Sigsbee Escarpment. Cores recovered during 1993 dives were from
hemipelagic sediments blanketed by barite deposits in MC-929 and GB-382 where
intensive gaseous hydrocarbon and fluid mud venting occurs. Pore fluids from the 1995
cruise were acquired from cores taken in hemipelagic seep sediments covered by
methanotrophic mussel beds and bacterial mats where hydrocarbon seeps are pervasive.
Three types of pore fluids are distinguished on the basis of their chemistry and isotopes.
Origins and the processes controlling the chemical compositions of the pore fluids are
discussed in this chapter.
In Chapter 3, microbial effects on pore fluid chemistry and isotopes in seeps are
examined. Pore fluids taken during 1995 dives from mussel and bacterial mat areas were
chosen for study because microbial processes in these fluids are prominent and the
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effects of microbial processes on the fluid chemistry and isotopes can be recognized.
Different microbial processes in mussel and bacterial mat areas are distinguished based on
the chemistry and isotopes of pore fluids. Using a one-dimensional diffusion-advectionreaction model, sulfate reduction rates are estimated based on the pore fluid sulfate
profiles, and the factors affecting the reduction rates are assessed. Types of hydrocarbons
used during sulfate reduction in seeps are identified on the basis of chemical and stable
isotopes of the pore fluids. In addition, sulfur and oxygen isotope fractionations during
sulfate reduction in seeps are calculated and the controlling factors on the isotope
fractionations are discussed. Previous studies indicated that microbial sulfate reduction
tends to result in a 5 ^ S / 8 ^ 0 ratio of 4/1 (Rafter and Mizutani, 1967; Mizutani and
Rafter, 1969; Sakai, 1971; Hunt, 1974). Sulfur and oxygen isotope compositions of pore
fluids are used in this chapter to examine this relationship. Furthermore, the degree of
carbonate saturation in pore fluids is calculated and models involving the types of
hydrocarbons, microbial processes and carbonate precipitation are established.
Radioactivity of 226Ra and 22^Ra in pore fluids taken in 1993 dives from barite
areas are reported in Chapter 4. The origin and effects of these radioactive pore fluids on
the Gulf of Mexico water column and marine habitats are evaluated.
In Chapter 5, petrography and geochemistry of barite deposits including chimneys
and crusts associated with hydrocarbon seeps are examined. Comparison of Gulf of
Mexico barite with barite from other settings is made on the basis of petrography and
geochemistry. Factors controlling variation of petrography and geochemistry of the barite
are discussed.
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A detailed dating scheme using 228Th/228Ra and 210pb/226Ra activity ratios arc
presented in Chapter 6 . Ages of chimneys and crusts are determined. Growth rates of the
chimneys and the initial ratios of 228Ra/226Ra Qf the barites are calculated. In addition,
the validation of the dating technique and the origin of 226r3 and 228rs ,n the barites are
discussed. 2 2 6 r3 fluxes from point sources in the Gulf of Mexico were also determined
based on the shape and radioactivity of the barite chimneys.
Finally, in Chapter 7, the origin and depositional model of the barite chimneys and
crusts in seeps are established on the basis of sulfur, oxygen, and strontium isotope
compositions of the barites.
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CHAPTER 2

TYPES AND SOURCES OF PORE FLUIDS

2.1 INTRODUCTION
Hydrocarbon-rich fluids advecting on the seafloor through fault conduits
associated with salt diapirs are common in the northern Gulf of Mexico (Aharon,
1994a,b; Aharon et al., 1997). Over the past decade, extensive studies have been
conducted on the chemosynthetic communities and authigenic carbonates associated
with the seeps in the northern Gulf of Mexico province (Kennicutt et al., 198S; Roberts
et al., 1992a; Aharon et al., 1997). More recently, massive barite deposits associated
with hydrocarbon seeps in deepwater Gulf of Mexico have also been reported (Fu et al.,
1994; Fu and Aharon, 1997). However, with the few exceptions below, the chemical
fingerprints and the origin of the fluids emerging on the seabed at seeps in the northern
Gulf of Mexico has not been explored. Exceptions are the recent studies by Aharon et
al. (1992) exploring the origin of brine seeps and by Fu et al. (1996) reporting on the
radioactivity sources in pore fluids from seeps.
Pore fluids in seeps are likely to contain important information concerning the
source and migration pathways of the accompanying hydrocarbons and therefore the
study of their chemical fingerprints is important to deepwater hydrocarbon exploration
and production. In order to determine the nature and origin of these pore fluids a
program of coring seep sediments during submersible dives was initiated. In this
chapter I report on the chemical and isotope compositions of pore fluids from bathyal
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and abyssal seeps in the Gulf of Mexico acquired during three submersible cruises in
1990, 1993 and 1995 (Fig. 1.1). In 1990, sediment cores were taken with the
submersible ALVIN at 1920 m water depth on top of Green Knoll (27°00'N;
90° 17TV) where brines were issuing over a shallow salt diapir rising seaward of the
Sigsbee Escarpment (Aharon et al, 1992a). Cores were recovered at bathyal depths
(510-522 m) during 1993 dives with the Johnson-Sea-Link submersible from
hemipelagic sediments blanketed by barite deposits in MC-929 (Mississippi Canyon
block 929, 28°01'N; 89°43’W) and GB-382 (Garden Banks block 382, 27°38'N;
92°28'W) where intensive gaseous hydrocarbon and fluid mud venting occurs (Fu et
al, 1994; Fu and Aharon, 1997). Pore fluids from the 1995 cruise were acquired from
cores taken in hemipelagic seep sediments covered by methanotrophic mussel beds
(Bathymodiolus spp.) and Beggiatoa mats at bathyal depths (590-620 m) in GC-232
(Green Canyon block 232, 27°44’N; 9 1 °l8 rW) and GC-184/185 (Green Canyon block
184/185, also known as Bush Hill site, 27°46’N; 91°30'W) where hydrocarbon seeps
are pervasive. The principal objectives of this chapter are to establish: (1) the chemical
fingerprints of pore fluids occurring in hydrocarbon seeps of the Gulf of Mexico; (2)
the source(s) of these pore fluids, and (3) the process(s) controlling the chemical
compositions of the pore fluids.
2.2 METHODS
Push cores up to 40 cm long were taken with the submersible robot arm during
dives in the Gulf of Mexico. Immediately after recovery, the cored sediments were
taken to the laboratory on the support surface ship where continuous pore fluid profiles
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were acquired with a squeezer modified from Jahnke (1988). The pore fluids were
passed into plastic disposable syringes inserted into the core barrel at 3-4 cm depth
intervals and were filtered through a 0.23 |im filter capping the syringe. After filtering,
each pore fluid was divided into three aliquotes. One was used for determination of
salinity, dissolved sulfide and sulfate concentrations immediately after recovery. The
second was acidified with few drops of concentrated HNO3 to pH cl and stored in 5 ml
size glass bottles with rubber stoppers and aluminum vacuum caps for subsequent
elemental analysis. Mercuric chloride was added to the third to prevent bacterial activity
and this aliquot was used for the analysis of total dissolved inorganic carbon (DIC),
carbon isotopes of DIC (S ^ C ) and oxygen isotopes ( 6 ^ 0 ) of water.
Salinity was measured by a hand-held refractometer (model A366 ATC) having an
accuracy o f ±l°/oo. Dissolved sulfide and sulfate concentrations were determined by
the colorimetric method of Cline (1969) and barium gravimetric method (Presley,
1969), respectively. The analytical error (lo ) based on replicate analyses of standards
was 4.5% for sulfide and 0.5% for sulfate determinations. Total dissolved inorganic
carbon (DIC), S ^ C of the DIC, and 8 ^ 0 of water were determined with a Nier-type
triple collector gas source mass spectrometer using the technique described by Graber
and Aharon (1991). Accuracy and precision for S ^ C and 8 ^ 0 are within 0.1°/oo, and
for DIC are within 0.1 mM/L. Stable isotopes are reported in the delta (8 ) notation in
permil relative to the PDB standard for carbon isotopes and relative to SMOW standard
for oxygen isotopes (Graber and Aharon, 1991). Dissolved K, Na, Ca, Mg, Sr and Ba
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were determined using an inductively coupled plasma spectrometer (ICP); Cl and Br
were measured using an Ion Chromatograph (IC). Replicate analyses of standards and
samples yield precisions of ±0.5% for the major and minor cations, ±3% for Cl and
±3.5% for Br.

87

Sr/8 6 sr ratjos 0f

pore fluids were measured on a Finnigan MAT

262 six collector thermal ionization mass spectrometer (TIMS). The results are
normalized to

8 7

Sr/86Sr of NBS-987 = 0.71023 and’to 8 6 Sr/88Sr = 0.1194 with an

estimated analytical error of ± 1 x 1 0 '^ (2a).
2.3 RESULTS
All the chemical and isotopic compositions of pore fluids (n=48) from seeps and
from the Gulf of Mexico bottom waters at bathyal and abyssal depths are listed in Table
2.1. In order to ascertain the origin of the solutes in the pore fluids, I calculated
enrichment factors by using the relation Ef = (C)f/(C)sw (Aharon et al., 1992), the
subscripts "f” and "sw" refer to fluids and the Gulf of Mexico appropriate deepwater,
respectively. An Ef value of >1 indicates a net addition of the constituent to the source
water, whereas an Ef value of <1 indicates removal of the constituent from the original
seewater. Enrichment factors for the various chemical constituents are listed in Table
2 . 1.

Three types of pore fluids (Fig. 2.1) can be discerned on the basis of molar Ca/Cl,
Sr/Cl, Ba/Cl and SO4 /CI ratios as indicated below.
2.3.1

Pore fluids type I

Pore fluids type I (n=28) were found in cores 95-2635-1,95-2635-2,95-2635-3,
95-2639-2,95-2647-1, and 95-2647-2. They have the conservative elements (e.g., Na
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Table 2.1. Chemical and isotope compositions of pore fluids from seeps and ambient Gulf of Mexico deepwaters.
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Figure 2.1. Plots of Cl against Ca, Sr, Ba and SO4 in pore fluids. Note that three types of pore fluids can be discerned
on the basis of Ca/Cl, Sr/Cl, Ba/CI and SO4 /CI molar ratios. The empty circle represents deepwater Gulf of Mexico,
the solid circles, empty triangles, and solid triangles represent the pore fluids type I, II and m, respectively.
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and Cl) at concentrations similar to the overlying seawater (Ef = 1, Table 2.1) but their
Ca, Sr and SO4 concentrations are depleted relative to seawater (Ef < 1, Table 2.1 and
Figs. 2.1A-C). These results suggest that type I pore fluids are essentially derived from
a contemporaneous seawater whose non-conservative elements, such as Ca, Sr and
SO4 , were partly removed by processes occurring within the seep sediments. The Ba
concentrations of these pore fluids are consistently higher than bottom water (Ef >1,
Table 2.1 and Fig. 2. ID) and therefore are analogous to pore fluids in normal marine
sediments (Boulegue et al., 1990). The ^^Sr/^^Sr ratios (0.70916 ± lx l0 '5 , n=3) are
identical to the overlying seawater ratio (0.70917) thus supporting a seawater origin. In
contrast, the 8 ^ 0 values that range from 0.3 to 1.3°/oo (SMOW) are generally higher
than the ambient deepwater at comparable depth (0.3°/oo, SMOW, Table 2.1 and Fig
2.2A). The 8 ^ c compositions of these pore fluids are substantially more depleted in
13c (8 13c value is down to -27.8°/oo PDB) relative to the ambient seawater (0.6°/oo)
and their DIC contents are higher (up to 23.5 mM/L, Table 2.1).
Pore fluids type I occur at bathyal depths in hemipelagic sediments blanketed by
clusters of chemosynthetic mussels (Bathymodiolus spp.) and patchy Beggiatoa mats
and are often associated with gas hydrates.
2.3.2

Pore fluids type II

Pore fluids type II were first described by Aharon et al. ( 1992a) from brineissuing sites on Green Knoll at 1920 m depth (Fig. 1.1). These fluids are highly saline
(salinity ranges from 116°/oo to 182°/oo, Table 2.1) and show substantial enrichments
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Figure 2.2. C l-S ^O relationships in pore fluids from seeps. A: pore fluids
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are pore fluids from core 2639-2 (GC-232) and solid circles are pore fluids
from core 2647-2 (GC-184/185, Bush Hill).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

26
in Na and Cl relative to the ambient abyssal seawater (Table 2.1). The Ca contents are
higher than both seawater and pore fluids type I but lower in comparison with pore
fluids type III (Fig. 2.1 A). The Sr and Ba contents are similar to the pore fluids type I
but are much lower than those of pore fluids type m (Figs. 2.1B,C). An outstanding
feature is the marked enrichment in SO4 relative to seawater (Ef = 1.4 to 1.5, Table 2.1
and Fig. 2.1C). The ^ S r/i^ S r, ranging from 0.70797 to 0.70897 (n=3), are
significantly lower than the seawater (0.70917) whereas the 5 ^ 0 values (-1.4 to
0. l°/oo SMOW) are similar to the ambient bottom water (-0.2°/oo SMOW, Table 2.1
and Fig. 2.2A). Lighter 8 ^ c and higher DIC contents distinguish these pore fluids
from the ambient seawater (Table 2.1).
2.3.3 Pore fluids type III
Pore fluids Type HI are clearly distinguished from the other two types of pore fluids by
their high salinity (45°/oo to 155°/oo) coupled with anomalously high enrichments in
Ca, Sr and Ba (Efs up to 8.4, 37.2, and 3.4x10^, respectively, Table 2.1 and Figs.
2.1 A, B, D) and strong SO4 depletions (Ef is down to 0.02, Table 2.1, Fig. 2.1C).
The 5 ^ 0 values (up to 1.7°/oo SMOW), are generally higher than the ambient
seawater (Fig. 2.2A) but their 87sr/86sr ratios (0.70843 to 0.70862 for n=8 ) are below
the seawater value (0.70917). The 8 ^ C compositions are lighter than the seawater and
have slightly elevated DIC contents (Ef is up to 1.6, Table 2.1). Pore fluids type HI are
unique to seeps associated with extensive barite deposits (Fu et al., 1994; Fu and
Aharon, 1997).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

27
2.4 DISCUSSION
The geochemistry of pore fluids in marine sediments typically reflects the seawater
trapped in the sediments at the time of deposition and modified by diagenesis. The
solutes in pore fluids could deviate from the seawater values because of exchange with
the clay fraction of the sediments (Presley, 1969). In seepage areas, however, the
chemical fingerprints are complicated by the availability of multiple fluid sources
advecting through subsurface conduits, complex processes involving fluid interaction
with salt diapirs (Aharon et al., 1992a), and microbial activity fueled by hydrocarbons
(Aharon, 1998). Extensive in situ diagenesis involving sediment-fluid interaction can be
ruled out from the onset because the cores from which the pore fluids were extracted
represent surficial sediments less than 0.5 meter below the seabed. The discussion that
follows addresses the question of the fluid source/s and the processes controlling the
chemical compositions of pore fluids in seeps.
2.4.1 Seawater-derived pore fluids
Similar salinities and concentrations of the conservative elements Cl and Na in
type I pore fluids and the ambient bathyal seawater (Table 2.1) suggest that these pore
fluids are primarily seawater trapped in the sediment. This contention is further
confirmed by the 87sr/86gr ratios (0.70916) which are identical to the measured
deepwater value (0.70917, Table 2.1).
The marked SO4 deficiency relative to seawater is attributed to its consumption
during microbial sulfate reduction within the seep sediments using the carbon-derived
hydrocarbons as electron donor (Aharon, 1998) according to the following pathway:
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2

CH 2

0

+ SO4

> H 2 S + 2 HCO3 -

(1)

Microbial sulfate reduction using hydrocarbon substrates causes sulfate depletion
and simultaneous bicarbonate and hydrogen sulfide enrichments. The occurrence of
microbial sulfate alteration in seep sediments is confirmed by the observed inverse linear
correlation between dissolved sulfate and hydrogen sulfide, and enrichments in 34s and
180 in dissolved sulfate in type I pore fluids (see Chapter 3). The anomalously negative
8*3c compositions (down to -27.8°/oo PDB) and the enrichment in DIC in the pore
fluids relative to the seawater (Gf is up to 11.3, Table 2.1) are also attributed to the
sulfate reduction whereby isotopically light carbon derived from hydrocarbons are
added to the pore fluids (see Chapter 3). The slight depletion of Ca (Ef is down to 0.6,
Table 2.1 and Fig. 2.1A), Mg (Ef is down to 0.9, Table 2.1) and Sr (Ef is down to 0.7,
Table 2.1 and Fig. 2 .IB) in pore fluids type I is attributed to precipitation of authigenic
carbonates. As indicated in equation (1) above, bicarbonate is generated during the
sulfate reduction. Consequently, the increase in the carbonate alkalinity of the pore
fluids triggers carbonate precipitation which scavenges Ca, Mg and Sr. This
interpretation is supported by the saturation index calculations which indicate that most
of the pore fluids are supersaturated with respect to aragonite, calcite and dolomite (see
Chapter 3). The predicted carbonate deposition in seeps agrees well with the observed
authigenic carbonates which are ubiquitous at hydrocarbon seeps from the Gulf of
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Mexico (Roberts and Aharon, 1994; Ferrell and Aharon, 1994), and elsewhere (e.g.,
North Sea, Hovland et al., 1987; Pacific northwest, Ritger et al., 1987).
The observed

enrichments in type I pore fluids of up to l°/oo relative to a

seawater source require an explanation (Fig. 2.2). Two processes relevant to seeps
could shift positively the 5 ^ 0 values of seawater-derived pore fluids, namely (i)
sublimation of gas hydrates, and (ii) microbial sulfate reduction. Gas hydrates
(clathrates) consist of gas (primarily methane) and water mixed in about

1 :6

molar

proportion (Kvenvolden, 1988). Because the solid-ice gas hydrate tends to sequester
more of the

isotope relative to the liquid phase (Hesse and Harrison, 1981), upon

sublimation in the host sediment the water fraction of the hydrate would contribute to
the elevated 8

^ 0

and simultaneous freshening (i.e., lower salt content) of the pore

fluids. For example, a l°/oo positive shift in pore fluids relative to the overlying
seawater (Fig. 2.2B) can be achieved by mixing a 10% gas hydrate-derived fluid having
a 5 ^ 0 of

10

°/oo (assuming multiple thawing-freezing in a closed system with a

starting gas hydrate 8 ^ 0 value of 2.6% o, Davidson et al., 1983) with seawaterderived fluid having a typical bathyal 8 ^ 0 value of 0.3°/oo (Table 2 . 1 ). Under these
circumstances the gas hydrate sublimation will also cause a pore fluid freshening of
about

10

% relative to bathyal seawater.

Microbial sulfate reduction is another process common in seeps which may alter
the 8 ^ 0 values of the pore fluids. According to Fritz et al. (1989), bacterial reduction
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of sulfate is accompanied by oxygen isotope exchange reactions between sulfate and
water. Because solute SO4 is enriched in

( 5 ^ 0 = 9.7°/oo SMOW, Faure, 1986)

relative to seawater (H2 O), the microbial breakdown of the S-O bonds affords isotope
exchange between the sulfate-oxygen and water-oxygen and may cause an

1 8 0

-

enrichment in the pore fluids. However, it can be estimated that the sulfate reduction
effect on the 8

^ 0

of pore fluids is small (at most

.

0 0 2

°/oo) compared with gas

hydrate sublimation effects because the amount of oxygen in pore fluid SO4 is
substantially smaller (480 times) than oxygen in water.
The effects of gas hydrate sublimation on the pore fluids type I can be gauged in
Figure 2.2B on the basis of S^O-chloride inverse relations indicating that 1&0
enrichments are accompanied by chloride dilution. Observations indicate that gas
hydrates are common in the bathyal seeps where type I pore fluids were acquired
(McDonald et al., 1994) and their sublimation have the potential to alter the oxygen
isotope fingerprints of seep fluids.
2.4.2 Pore fluids derived by dissolution of subsurface salt diapirs
The similarity of 8

^ 0

values in type II pore fluids with the 8 ^ 0 of ambient

abyssal water (Fig. 2.2A) suggests that the latter is the source for these pore fluids.
However, the observed enrichments of Cl, Na, C a , K and SO4 (Table 2.1 and Fig.
2

. 1 ) indicate that source(s) of solutes other than seawater must be involved in the

formation of these pore fluids. Two distinct sources for the elemental enrichments in
seep fluids can be discerned: (i) salt diapir dissolution and/or (ii) residual Jurassic
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seawater (e.g., Louann brine) evaporated at least to the point of saturation with halite
and buried along with its cogenetic evaporite (Aharon et al., 1992a). Generally, these
two sources can be distinguished on the basis of their Br/Cl and Na/Cl molar ratios as
indicated below.
Because Cl is preferentially partitioned over Br into Na, K and Mg halogen salts
during their precipitation, the residual brine will become progressively enriched in Br
(White, 1965; Rittenhouse, 1967; Kharakaet al, 1987). Therefore brines formed by
subaerial evaporation of sea water will have higher Br/Cl ratios relative to brines formed
by dissolution of halite (Rittenhouse, 1967; Carpenter, 1978; Egeberg and Aagaad,
1989). The Na/Cl ratio is another measure permitting to gauge the effect of salt
dissolution. Seawater dissolving halite but remaining unmodified by other chemical
reactions will have a Na/Cl molar ratio close to 1.0 and substantially higher than normal
seawater (0.857) whereas brines evaporated beyond the halite saturation level would
have a Na/Cl ratio lower than seawater. Viewed this way, the substantially lower Br/Cl
molar ratios of type n pore fluids (0.34x10*3 to 1.19x10*3) relative to seawater
(1.52x10*3), coupled with their near 1.0 Na/Cl molar ratios (Fig. 2.3), support the
view that their Cl and Na were derived from dissolution of subsurface salt diapirs by
seawater convective circulation (Jensenius and Munksgaard, 1989). This interpretation
is consistent with the one reached by Aharon et al. (1992) on the basis of other chemical
fingerprints.
The Ca and SO4 enrichments in type II pore fluids relative to seawater (Figs.
2.1 A,C) are attributed to dissolution of anhydrite and gypsum disseminated in the halite
diapir. The enrichment of K is interpreted to result from dissolution of sylvite in the salt
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and the deficiency of Mg relative to seawater (Table 2.1) is attributed to the
dolomization as previously justified by Aharon et al. ( 1992a).
The 87sr/86sr ratios of type II pore fluids, ranging from 0.70797 to 0.70897 (n
= 3), are significantly lower than the seawater value o f0.70917. These lower ratios can
be explained by the scavenging of Sr with lower 87sr/8<>Sr ratios during salt
dissolution. According to Land et al. (1988), most Sr in salt domes occurs in anhydrite
inclusions and has a wide range of 87sr/86sr ratios (from 0.7067 to 0.7095) that are
more radiogenic than the presumed coeval Jurassic (Callovian) seawater due to the
extensive water-rock interaction during salt deformation. The 87sr/86sr ratio of the salt
under the Green Knoll has not been measured and therefore it is difficult to quantify the
contribution of Sr derived from salt dissolution. However, by using a minimum value
of 0.7070 for the 87sr/86sr ratio of Jurassic salt (Burke et al, 1982), I estimate the
maximum amount of Sr from salt dissolution which is required to achieve the observed
87sr/86sr ratio in type II pore fluids from a simple mass balance equation:

A (8 7 Sr/8 6 sr)salt + ( 1 -A) (87sr/86Sr)sw = (87sr/86sr)pf

(2 )

where A is the fractional contribution of Sr from salt dissolution, salt, sw and pf
subscripts are the 87sr/86sr ratios of the dissolved salt (0.7070), seawater (0.70917)
and pore fluids, respectively. Using the least radiogenic 87sr/86sr ratio of 0.70797
measured in the pore fluids, the equation above yields a 55% Sr contribution from salt
dissolution. Following similar mass balance considerations I predict a Sr concentration
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of about 190pM/L in the pore fluids for a seawater Sr concentration of 87 |iM/L (Table
2.1). The discrepancy between the predicted Sr concentration (190 ^M/L) and the
highest measured value of 90 |xM/L (Table 2.1) can be attributed to Sr scavenging by
ferric oxyhydroxide deposits observed in the sampling areas (Aharon et al., 1992).
Alternatively, the original Sr concentration in the pore fluids might be overestimated
because 87sr/86sr ratio of the salt could be higher than the value used here (0.7070).
2.4.3

Formation water-derived pore fluids

The good linear correlations of Na, Ca, and Sr with Cl in type m pore fluids and the
regression lines passing through the seawater values (Figs. 2.4A-C) strongly suggest that
the pore fluids were formed by mixing of two distinct end members represented by
modem seawater at the low end and by Na, Ba, Sr and Ca-rich (but SO4 depleted)
unidentified high end member fluid. This interpretation is further confirmed by the linear
relationships between 87sr/86sr ratios and the reciprocal of Sr concentrations (Fig. 2.5)
because a straight line is expected when fluids are formed by mixing of two components
with different strontium isotope signatures (Faure, 1986). The non-linear correlation
between Ba and Cl (Fig. 2.4D) indicates that Ba was not conservative during the mixing
and was removed from the fluids. This is explained by barite precipitation when the Barich end members mixed with the S0 4 -tich seawater. This contention is supported by the
occurrence of barite sands in the cores from which these type QI pore fluids were
squeezed.
2.4.3.1 Chemical compositions o f the saline end member fluids
It is essential to know the chemical compositions of the saline end member fluids
o f the type m pore fluids in order to decipher their origins. The two regression lines in

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

100
y=-101.31+0.92x
RA2=0.99

es

U
0
0

1 00 0

2 0 0 0

3000

1000

0

4000

Cl (mM/L)
'

j f

eo
oa

Jw v
0

1000

.

19+5.37* I Q ^ x
RA2=0.99

7000
6000 : © '
5000 4000 3000 ■
2 0 0 0

3000

Cl (mM/L)

4000

-*— i

'A
A

'

1

4000

'—
-

A
A
A

-

1000
0

2000

3000

Cl (mM/L)

© ............................... \
-y=0.75+1.38*10A' 3x
RA2=0.99 ^

2000

•

'

:—

0

1000

2000

3000

4000

Cl (mM/L)

Figure 2.4. Plots of Cl against Na, Ca, Sr and Ba in pore fluids type III. The linear correlations in A, B and C
suggest the mixing of seawater with saline end member fluids. The non-linear correlations between Ba and Cl
in D result from barite precipitation. Empty circles refer to seawater, solid triangles and solid circles represent
pore fluids from Garden Banks and Mississippi Canyon, respectively.

u>
in

36

0 .7 0 9 2
y = 0.70854 + 5.44* 10A'^ X
RA2 = 0.99 ' y

0 .7 0 9 0
M
0 .7 0 8 8
Cfl
r*
QO

y = 0.70842 + 6.45* 10A*^ X
RA2 = 0.99

0 .7 0 8 6

0 .7 0 8 4
0

6

8

10

12

1/Sr
Figure 2.5. Plot of 87Sr/8f>Sr against 1/Sr in pore fluids type HI. The
empty circle refers to the seawater, solid triangles and solid circles
represent the pore fluids from Garden Banks and Mississippi Canyon,
respectively.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

37
the plot of 87sr/86sr against 1/Sr for the pore fluids type III (Fig. 2.5) suggest that two
saline end members exist: one in Garden Banks and the other in Mississippi Canyon. It
is obvious that the two intercepts in Figure 2.5 should approximately represent the
lowest possible 87sr/86§r ratios for the two end member fluids. The two intercept
values are 0.70854 and 0.70842 which are identical to those of the highest salinity pore
fluids of 3566-2-21 (0.70854, Table 2.1) and 3559-2-32 (0.70843, Table 2.1) in
Garden Banks and Mississippi Canyon, respectively. Thus, the compositions of pore
fluids 3566-2-21 and 3559-2-32 can be used to represent approximately the saline end
member fluids (Table 2.2). It is noted from Table 2.2 that the possible end member
fluid in Garden Banks contains more Sr, Ca and Ba but less Cl and Na than that in
Mississippi Canyon.
2.4.3.2 The o rigin of saline fluids
Lower Br/Cl (0 .9 3 x 1 0'3 and 0.90xl0~3 in Garden Banks and Mississippi
Canyon, respectively, Table 2.2) and higher Na/Cl molar ratios (0.901 and 0.948 in
Garden Banks and Mississippi Canyon, respectively, Table 2.2) in the possible saline
end member fluids relative to seawater (1.52x10'^ and 0.857, respectively) suggest that
the elevated Cl and Na levels in saline fluids were acquired by subsurface salt
dissolution. Dissolution of salt, however, could not by itself explain the anomalous
high levels of Ca, Sr and Ba in the fluids (Table 2.2). The presence of shallow salt
diapirs under the sampling areas in Garden Banks 382 and Mississippi Canyon 929
(Fig. 1.2), the occurrence of massive barite deposits (Fu et al, 1994; Fu and Aharon
1997), and direct observations of gaseous hydrocarbon and fluid venting during
sampling, suggest that these end member fluids were derived from deep-seated
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Table 2.2. Chemical compositions of the two possible saline end member fluids
of pore fluids type III.
Components
salinity
Cl
Br
S04
Na
K
Ca
Mg
Sr
Ba
Si
DIC
5,3C
V

s r

Sl80 (H2 0 )

84.4
43.2
3.2

Saline end m ember fluids
in Mississippi Canyon
155
3520
3.2
0.5
3338
14.8
76
59.5
1.7

6 .1

0 .6

Saline end member fluids
in G arden Banks
139
2792
2 .6

0.5
2485
11

1

0 .6

2.4

2.4

-3.8

0 .8

0.70854

0.70843

1.7

0 .1

Notes: Concentrations are in mM/L, salinity is permil, S13C is in permil (PDB) and
5 '“0 is in permil (SMOW).
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formation waters dissolving the Jurassic-age salt during upward transport. The positive
relation between pore fluids 226r e ^

salinity and its similarity to that found in

produced waters from oil and gas fields in the Gulf Coast region (Fu et al, 1996; Fig.
5.5 in Chapter 5), and the similar negative relationship between pore fluids S 0 4 and Ba
similar to that found in the formation waters offshore Louisiana (Fig. 2.6) confirms the
contention that these hydrocarbon-rich seeping fluid were sourced in deep-seated
reservoirs.
Formation waters in the offshore Gulf of Mexico may be transported to the seabed
in seeps from two distinct sources, either by dewatering of Cenozoic-age clastic
sediments, or by injection from deep-seated Mesozoic-age brines. The two principal
types of formation waters differ sufficiently in their chemical constituents and isotope
compositions which allows a more specific chemical fingerprinting of the fluids
advecting in seeps. The chemical and isotope distinctions between the two principal
formation waters can be summarized as follows.
(1) Mesozoic and Cenozoic-sourced formation waters are distinguished on the
basis of their 8

^ 0

values which are controlled by the temperature and extent of

interaction between water and host sediments (Land and Prezbindowsid, 1981; Land
and Macpherson, 1989; Hanor, 1994). Most formation waters in Mesozoic strata of the
Gulf of Mexico exhibit relatively heavy 8 ^ 0 values (i.e., >6 °/oo SMOW) because
extensive oxygen isotope exchange occurred between water and rocks at the high
temperatures typical of sediments buried at more than 6 km depth (Land and
Prezbindowski, 1981; McGee et al, 1994).
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(2) Ba-rich formation waters in the Gulf of Mexico are primarily derived from
Cenozoic reservoirs and are produced from dissolution of detrital Potassium-feldspar
containing 0.2 to 0.5 weight percent Ba (Macpherson, 1989).
(3) Anomalously high levels of Sr (mean 18.5 mM/L) and Ca (mean 610 mM/L)
are generally assigned to Mesozoic formation waters (Macpherson, 1989). Albitization
of detrital plagioclase in the Mesozoic reservoirs is considered the principal source of Sr
and Ca in Mesozoic formation waters (Macpherson, 1989).
The source/s of the two end member of type m fluids can now be discussed in
light of the chemical and isotopic distinctions between the Cenozoic and Mesozoicderived formation waters. Based on the relationship between 8 ^ 0 of formation waters
and depth in the sediment (Land and Macpherson, 1989; Hanor, 1994), the 8 ^ 0 of
pore fluids are expected to be heavier if they are derived from Mesozoic strata. The
8 ^ 0 values for the possible end member fluids are 1.7 and 0.1°/oo (SMOW) in
Garden Banks and Mississippi Canyon, respectively (Table 2.2). Therefore, it is likely
that these fluids were transported from the shallower Cenozoic clastic sediments rather
than from deep-seated Mesozoic strata.
The relatively high concentrations of Sr and Ca in the fluids (Table 2.2) suggest a
partial contribution from a Mesozoic-derived source. Alternative sources for Sr and Ca,
such as dissolution of marine carbonates and/or dissolution of anhydrite associated with
the salt diapirs, are considered unlikely because the measured levels of DIC and SO4 are
incompatible with these sources. This is because dissolution of carbonates and/or
anhydrite should enrich not only Ca and Sr but also DIC and/or SO4 . Low DIC in the
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saline end member fluids (2.4 mM/L in Garden Banks and Mississippi Canyon, Table
2.2) and deficiency of SO4 (0.5 mM/L in Garden Banks and Mississippi Canyon, Table
2.2) argue against a Ca and Sr sources in carbonates and/or sulfates. If all the Sr and Ca
in the end member fluids were derived from Mesozoic strata, the maximum "leakage" of
Mesozoic-sourced Sr and Ca-rich formation fluids are estimated to be between 14% and
17% in Garden Banks and between 9% and 12% in Mississippi Canyon. The
87sr/86sr ratios, which are 0.70854 and 0.70843 for Garden Banks and Mississippi
Canyon respectively, are compatible with the values measured in Mesozoic formation
waters (Stueber et al., 1984) thus supporting our contention of a Mesozoic source for
the Sr (and Ca).
The lower contents of Sr and Ca but higher Cl and Na in the fluids of Mississippi
Canyon relative to those of Garden Banks can be explained by the lower contribution
from Mesozoic formation waters but higher proportion from salt dissolution. The higher
Ba in Garden Banks end member fluid could be caused by the more intensive
dissolution of K-feldspar in Garden Banks than in Mississippi Canyon. This is
consistent with the observation that the saline end member fluids in Garden Banks
contain more Si than that in Mississippi Canyon (table 2.2).
2.5 CONCLUSIONS
Three types of hydrocarbon-rich fluids advecting at seeps in deepwater Gulf of
Mexico can be distinguished on the basis of chemical and isotope compositions of the
pore fluids. The pore fluids pertaining to type I are principally seawater trapped in the
seep sediments whose chemical compositions were modified by carbonate deposition,
microbial sulfate reduction and gas hydrate sublimation. These pore fluids are common
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in seeps occurring in hemipelagic sediments covered by clusters of chemosynthetic
communities of mussels, tube worms and bacterial mats. Pore fluids type II are
characterized by high salinity and are interpreted to be derived by dissolution of shallow
subsurface salt diapirs during seawater convective circulation. They are found both in
association with chemosynthetic communities and fauna-barren sites. The third type of
pore fluid is characterized by high salinity, low SO4 and anomalously high levels of Ba,
Ca and Sr. These fluids are formed by the mixing of seawater with saline end member
fluids derived from deep-seated formation waters advecting on the seafloor and occur in
association with extensive barite deposits on the seafloor and clusters of chemosynthetic
mussels.
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CHAPTER 3

MICROBIAL EFFECTS ON PORE FLUID CHEMISTRY AND ISOTOPES

3.1 INTRODUCTION
A variety of microorganisms occurring in hydrocarbon seeps live on compounds
derived directly or indirectly from hydrocarbons. They include (Aharon, 1998): (i) fteeliving bacteria in the water column overlying the seeps; (ii) symbiotic bacteria living
within the tissues of seep invertebrates; (iii) mat-forming communities at the sedimentwater interface; and (iv) bacteria degrading hydrocarbons within the sediment. A review
of microbial processes occurring at seeps can be found in condensed form in a recent
study by Aharon (1998).
In this chapter only microbial processes occurring within seep sediments are
examined. This is because: (i) microbial processes occurring in the water column, within
fauna and in mats by the other three types of bacteria have already been documented (e.g.
free-living bacteria in the water column: LaRock et al., 1994; symbiotic bacteria living
within the tissues of seep invertebrates: Kennicutt et al., 1985; Childress et al., 1986;
Fisher et al., 1987; Brooks et al., 1987; mat-forming communities (Beggiatoa) at the
sediment-water interface (Pauli et al., 1984; Brooks et al., 1987; Sassen et al., 1993;
Larkin et al., 1994). In contrast, with the few exceptions below, no systematic study has
been made to date on microbial processes in seep sediments. Exceptions are the studies
by Chanton et al. (1993), Suess and Whitcar (1989), Masuzawa et al. (1992) and Gamo
et al. (1992) which investigated pore fluids chemistry resulting from sulfate reduction
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using seeping methane in seeps from Florida Escarpment, the Oregon subduction zone
and Sagami and Nankai Troughs, respectively; (ii) microbial activities within seep
sediments are essential to other microbial processes in seep habitats. For example, sulfate
reduction within sediment produces H2 S which offers nourishment for thiotrophic
chemosynthetic communities such as Beggiatoa. vesstimentiferan tube worms, and
vesycomiid and lucinid clams (MacDonald et al., 1990; Carney, 1994; Larkin et al.,
1994); and (iii) the precipitation of authigenic carbonates, which are the most important
permanent geological record of seeps, results primarily from sulfate reduction using
hydrocarbons within sediments (Roberts et al., 1989; Roberts and Aharon, 1994;
Aharon, 1994a; Aharon, 1998).
Although the sequence of microbial metabolic processes in seep sediments is not
well known, it is reasonable to assume that a vertical succession of metabolic processes
derived from normal marine sediments (Froelich et al., 1979; Westrich, 1983) is also
applicable to seep environments.

Aerobic respiration
CH2 O + 0 2 = CO2 + H2 O

Mn (IV)-reduction
CH2 O + 2M n02 + 3C02 + H2 O = 2Mn2+ + 4 HCO 3 -
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Denitrification
5

CH 2

0

+ 4 NO 3 - = 2 N2 + 4 HCO3 - + CO2 + 3 H2

0

Fe(III)-reduction
CH 2 O + 4 Fe(OH ) 3 + 7C02 = 4Fe2+ + 8 HCO3 - + 3 H 2 O

Sulfate-reduction
2

CH 2

0

+ S0 4 2' = H2 S + 2 HCO 3 -

Fermentation
2

CH 2 O = CO2 + CH4

where the CH 2 O (or CxH 2 0 y) represents the organic compounds undergoing
decomposition, which in seep environments are represented by hydrocarbons.
The above succession of microbial pathways is usually ascribed to progressive
decreases in free energy yields for each reaction (Thorstenson, 1970; Claypool and
Kaplan, 1974). The most efficient and highest energy yielding pathway is aerobic
respiration, in which the organisms use molecular oxygen to convert organic matter to
carbon dioxide. Generally, aerobic decomposition of organic matter is restricted to the top
1-2 cm of the sediment (Jorgensen, 1977; Froelich et al., 1979). When dissolved oxygen
is depleted, manganese oxide reduction, nitrate reduction and then iron oxide reduction
occur (Froelich et al., 1979). These reactions are typically restricted to the top few
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centimeters in normal marine sediments due to the scarcity of these oxidants (Berner,
1964; Aller, 1980). Once the oxidants have been consumed, sulfate-reducing bacteria
undertake the metabolic function of reducing dissolved sulfate to hydrogen sulfide. Since
sulfate is abundant in seawater (-28 mM/L), the zone of sulfate reduction is much thicker
than the other zones which use other energy sources. Therefore, sulfate reduction is one
of the dominant processes in the early diagenesis of anoxic sediments (Goldhaber and
Kaplan, 1974). Finally, when nearly all the sulfate has been consumed, methane
production begins through fermentation.
Of these microbial pathways, sulfate reduction and methanogenesis were chosen for
this study. The objectives of this chapter are to: (i) determine the microbial processes in
seep sediments; (ii) investigate the microbial process effects on pore fluid chemistry and
isotopes; and (iii) elucidate the links between microbial processes and the precipitation of
authigenic carbonates.
3.2 METHODS
Materials used here are type I pore fluids which were taken from chemosynthetic
community areas (see Chapter 2 for the classification of pore fluids). Type I pore fluids
were chosen for study because microbial processes in these fluids are prominent and the
effects on the fluid chemistry and isotopes can be more easily recognized. In contrast,
microbial activities in the other two types of pore fluids (type II and type HI) are relatively
weak and their effects on the pore fluid chemistry and isotopes are masked by dissolution
of salt in type II and by the addition of saline formation waters in type m (see Chapter 2).
Ten push cores, spanning the upper 40 cm of surficial sediments, were obtained
from hydrocarbon seeps during 1993 submersible dives with Johnson-Sea-Link. Cores
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2635-1, 2635-2,2635-3, 2639-2,2639-3, and 2639-4 were taken in bacterial mats in
Green Canyon block 232 at a water depth of 630 m. Cores 2647-1,2647-2 and 2647-3
were recovered from mussel beds in Green Canyon block 184/185 (Bush Hill) at water
depth of 590 m. Core 2647-4 representing background sediments was collected about 10
m away from seeps in Green Canyon block 184/185 at water depth of 590 m. The
locations of these cores are given in Figure 1.1.
Pore fluid sampling and processing methods, elemental analyses, and measurement
of dissolved inorganic carbon (DIC), hydrogen sulfide (H 2 S), dissolved sulfate (SO4 )
and 5 l^C of DIC are the same as described in Chapter 2. Alkalinity determinations were
performed using the potentiometric titration method (Edmond, 1970). Hydrochloric acid
(0.01 N) was used to titrate 5 ml of pore fluids in a covered, stirred beaker, using an
Orion pH meter with temperature compensation connected to a combination pH glass
electrode. Alkalinity was determined by linearizing the acid portion of the titration curve
and extrapolating it to the endpoint using Gran (1952) calculations. Reproducibility was
measured at ± 0 . 1 meq/L or better. Since HgCl2 was added into the sample before
measuring alkalinity, all dissolved sulfide were precipitated as mercuric sulfides.
Therefore, the alkalinity measured here can be considered as carbonate alkalinity instead
of total alkalinity. Measurements and corrections for pH are explained in appendix A.
Dissolved sulfate was recovered by precipitating barium sulfate for sulfur and oxygen
isotope analyses.
§34s of SO4 was measured by graphite reduction of BaS0

4

to BaS, which was

subsequently dissolved in water and precipitated as Ag2 S with 0.1 N AgNC>3 . Ag2 S was
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oxidized with C 1 12 O (mixture 1:4 by mass) at 900°C to SO2 , which was analyzed with
the mass spectrometer. The overall error (± 1 a) of 634s determinations is better than
0.2°/oo and the reference standard is troilite from the Canyon Diablo meteorite (CDT).
8

I8

0

of SO4 were analyzed in the manner described by Rafter and Mizutani (1967) and

Mizutani (1971). Intimate mixtures of BaS04 and spectrographically pure (99.999%)
graphite ( 1 : 2 by mass) were decomposed in resistance-heated platinum boats near

1000

°C. In addition to CO 2 some CO was produced, which was converted into CO2 using a
high-voltage electrical discharge between platinum electrodes in a trap assembly
immersed in liquid nitrogen. Isotope measurements were made on a Nier-type triple
collector gas source mass spectrometer. Accuracy and precision of 8180 determinations
is better than 0.3°/oo based on repeat standard analyses and the results are reported
reladve to the standard mean ocean water (SMOW).
3.3 RESULTS
Chemical analysis and isotopic results are given in Table 3.1. Chemical and isotope
profiles are shown in Figures 3.1 to 3.4. Measured average Gulf of Mexico ambient
deepwater values are presented for comparison. The chemistry and the origin of these
pore fluids were discussed in Chapter 2. Only the chemistry and isotopes related to
microbial processes are examined in this chapter.
3.3.1 Dissolved sulfate (SO 4 ) and hydrogen sulfide (H 2 S)
Ambient bottom water contains 28.9 mM/L dissolved sulfate. Pore fluid sulfate in
the background core 2647-4 ranges from 25.4 to 28.2 (Table 3.1), which is slightly
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Table 3.1. Chemical and isotope compositions of pore fluids.
SflMpIt

deplll
(cat)

pH
Initial
7.7

sMwater

SO*
HjS
PH
cam eled (mM/L) (nM/L)
7.7

29.0

00

i°C

8u O (SO*)
(afoaSMOW)

Aftc
(MrafL)

KMC
(a*VL)

M m FOB)

S*S(SO*>
(afceCDD

24

21

66

205

9.7

25
3.1
35
35
3.1
3JO
3.1
24
3.1
26

1.8
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3.1
3.0
3.0
29
3.0
27
29
25
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-7.4
-10.0
-169
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Figure 3.1. Sulfate and hydrogen sulfide concentrations in pore fluids as a function of depth.
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lower than that of the bottom water. In contrast, pore fluid sulfates from seeps (bacterial
mats and mussel beds) are highly depleted relative to the bottom water. The depletion of
sulfate as a function of depth is shown in Figure 3.1 A. It is evident that depletion rates in
cores from mussel beds are higher than those in bacterial mats. The only exception is core
2639-3 from a bacterial mats in which the lower part of the core has a similar sulfate
concentration as those in mussel beds at comparable depth. Generally, sulfate decreases
progressively with depth in most cores. The only exceptions are in cores 2639-3 and
2639-4 where sulfate shifts to higher values at the middle of the cores and then decreases
again (Fig. 3.1 A). These features suggest that two sulfate reduction events may have
occurred in these cores, one in the upper parts of the cores and the other in the lower
parts of the cores.
Bottom water contains hydrogen sulfide below detection limit. Pore fluids from the
background core have hydrogen sulfide less than 1 mM/L. All pore fluids from seeps
(bacterial mats and mussel beds) are highly elevated in hydrogen sulfide over the bottom
water and the values increase with depth (Fig 3. IB). Generally, at the same depth,
hydrogen sulfide concentrations in mussel beds are higher than those in bacterial mats.
The only exception is core 2639-3 from a bacterial mat in which the lower parts of the
core contain more hydrogen sulfide than those in mussel beds at comparable depth (Fig.
3 .IB).
3.3.2 Sulfur (5^4 S ) and oxygen

(S ^ O )

isotope compositions of sulfate

8 ^ 0 and 8^4s of dissolved sulfate in ambient bottom water were not measured. It
is, however, reasonable to assume that their values are similar to the modem seawater
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sulfate (834S = 20.3°/oo CDT and 5 ^ 0 = 9.7°/oo SMOW, Cecile et al., 1983; Faure,
1986) because the 8 ^ 0 and 834s compositions of sulfate in the modem seawater are
constant within narrow limits (Faure, 1986). 8 ^ 0 and 834s compositions in pore fluids
from the background core range from 10.53°/oo to 12.1°/oo (SMOW) and from
20.7% o to 23.4°/oo (CDT), respectively (Fig. 3.2A, 3.2B). These values are slightly
heavier than those in the modem seawater. In sharp contrast, pore fluids from seeps
(bacterial mats and mussel beds) are anomalously enriched in both

* ^ 0

and 34s relative

to the modem seawater in that their 8 ^ 0 and 834s values are up to 23.6°/oo (SMOW)
and 70.8°/oo (CDT), respectively. 8 ^ 0 and 834s increase with depth in all cores (Fig.
3.2A, 3.2B).
3.3.3 Carbonate alkalinity (ALKC) and total dissolved inorganic
carbon (DIC)
Carbonate alkalinity (A lk c ) and total dissolved inorganic carbon (DIC) in ambient
bottom water are
2 6 4 7 -4 , A lk c

2 .4 1

meq/L and 2 .0 8 mM/L, respectively. In the background core

and DIC are slightly elevated above the bottom water and exhibit relatively

flat profiles (Fig 3 .3 A ,

3 .3 B ) . A lk c

and DIC depth profiles in bacterial mats are similar to

those in the background core and exhibit a slight increase downcore. In contrast, A lk c
and DIC from mussel beds are highly elevated and range from 7 to
to 2 3 mM/L, respectively (Fig.

17

meq/L and from 7

3 A , 3 B ).
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3.3.4 Carbon isotope composition ( 5 ^ C ) of DIC
The measured 8 ^ C of DIC in the ambient bottom water is 0.63% o (PDB). In the
background core 2647-4,8 ^ C of DIC decreases downcore from -3.69 to -12.16°/oo
(PDB, Fig. 3.3C). The most negative values are found in bacterial mats in which 8 ^ C
values decrease with depth from -17.4 to -27.8°/oo PDB (Fig. 3.3C). The opposite trend
exists for pore fluids from mussel beds. For example, in core 2647-2, S ^ C values
increase with depth from -15.76 °/oo (PDB) at 2 cm to -9.17 % o (PDB) at 9 cm depth.
The heaviest value is found in core 2647-1 in which 8 ^ C reaches 2.05% o (PDB) at 6
cm depth (Fig. 3.3C).
3.3.5 Calcium (Ca), magnesium (Mg) and strontium (Sr)
The bottom water cation concentrations are 10.3 mM/L, 52.2 mM/L and 8 6 . 8 |iM/L
for Ca, Mg and Sr, respectively. These elements are depleted in pore fluids relative to the
overlying bottom water and decrease downcore in pore fluids (Fig. 3.4). The most
depleted values for all the three elements are found in core 2647-2 from mussel beds
where at a depth of 21 cm the values are 6 mM/L for Ca, 46 mM/L for Mg and 60 |iM/L
for Sr (Fig. 3.4).
3.4 DISCUSSION
3.4.1 Microbial sulfate reduction
Microbial sulfate reduction, or sulfate respiration, is a microbial process under
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process, sulfate is used as an electron acceptor to oxidize organic matter which in turn
provides the bacterial cell with energy for metabolic functions. The overall chemical
reactions depicting microbial sulfate reduction using three types of reduced carbon
substrata common in seeps have been reviewed by Aharon (1998) and expressed as
follows:

(a) Nitrogen-rich POM:
2(CH20)(NH2)x+ SO4 2- = 2C02 + 2 xNH3 + H2 S +
2

C0

2

HCO 3 - + 2 NH 3 = 2 C0 3 2' + 2 NH4 +

2

2 0

H‘

( I)

+ 20H- = 2 HCO3 -

(b) Nitrogen-deficient POM:
2

(CH 2

2 0 0 2

0

) + S O 42 - = 2 C 0

2

+ H2 S + 2

0

H‘

(2 )

+ 20H- = 2 HCO3 -

(C) Paraffinic hydrocarbons (e.g., CH4 ):
CH4 + SO4 2- = CO 2 + H2 S + 20H C0

2

(3)

+ 20H- = CO 3 2' + H2 O

where POM is particulate organic matter.
In hydrocarbon seeps, the nitrogen-rich POM consists of either fresh planktonicderived organic matter which has settled from the surface water or in situ.,
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chemosynthetically-derived organic matter, whereas the nitrogen-poor POM consists of
crude oil or sedimentary organic matter of terrestrial or marine origin which has
undergone bacterial degradation. Paraffinic hydrocarbons are dominated by methane of
thermogenic and/or biogenic origin because of microbial preference for simple carbon
bonds.
3.4.1.1 SO 4 depletion and H2 S enrichment
The most prominent effect of sulfate reduction on pore fluid chemistry is the
depletion in sulfate and enrichment in hydrogen sulfide. The inverse linear relationship
between sulfate and sulfide in pore fluids (Fig. 3.5) indicates that microbial sulfate
reduction has occurred in seeps. This is because during sulfate reduction sulfate reducing
bacteria consume SO4 and produce H2 S. Based on equations 1 to 3 above, a line with a
slope of 1 is expected in Figure 3.5 because consumption of one mole of SO4 will
generate one mole of H2 S. Because all pore fluid data falls below this line (Fig. 3.5)
some process(es)
that removes H2 S from pore fluids must occur. Possible processes are consumption of
H2 S by chemosynthetic communities and/or precipitation of sulfides.
Consumption of H2 S by chemosynthetic communities is one of the potential
processes accounting for the loss of H2 S, especially in bacterial mat areas. Bacterial mats
consists of a group of sulfide oxidizers of Beggiatoa which live at the seawater-sediments
interface and obtain the energy from oxidation of H2 S yielding molecular sulfur (Larkin
et al., 1994). In addition, sulfide precipitation also occurs because all seep sediments are
a deep gray to black due to the presence of ferrous sulfide.
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Figure 3.5. Inverse linear relationship between SO4 and H 2 S in pore fluids.
Notice that all data fall below a line with a slope of 1 suggesting the loss of
H 2 S from the pore fluids.
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Thermogenic H2 S which may migrate up with the hydrocarbons has been proposed to be
present in seeps by MacDonald et al. (1990a). The good inverse Unear relationship
between SO4 and H2 S found here (Fig. 5) strongly indicates that the H2 S in the study
areas is of biogenic origin.
3.4.1.2 Sulfate reduction rates
Microbial sulfate reduction rates in sediments can be obtained either by direct
determinaUons through the use of 3 5 S-S0

4 '2

radiotracer technique in situ, under

laboratory conditions (Ivanov, 1977; Jorgensen, 1977; Aller and Yingst, 1980; Westrich,
1983) or indirectly by evaluating sulfate depth profiles in terms of appropriate
mathematical models (Berner, 1964, 1971, 1980; Westrich, 1983). The one-dimensional
diffusion-advection-reaction model of Berner (1971) is used here to estimate the sulfate
reduction rates in seeps:

Ds 0 2 C/9x2) - co(9C/9x) - J(x) = 0

where
x = Depth below the sediment-water interface (cm).
C = Concentration of dissolved sulfate at any depth (mM/L).
(D= Sedimentation rate (cm/yr).
Ds = Whole sediment diffusion coefficient for sulfate including effects of
tortuosity and ion exchange (cm/yr).
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J(x) = The microbial sulfate reduction rates as a function of depth (mM mL'^yr^).

The rate term is given by Berner (1964):
J(x) = kLG

(5)

where:
k = First-order bacterial reduction rate constant y r 1.
L = Stoichiometric coefficient relating the number of atoms of sulfate reduced per
atom of carbon oxidized (for the CH 2 O reaction (eq. 1 and 2) L = 1/2, and for
the CH4 reaction (eq. 3) L = 1).
G = Concentration of organic carbon (per volume of pore water) available for
bacteria sulfate reduction.

The following assumptions are used in this model (Berner, 1971):
1) The sediment system is at steady state.
2) There is constant porosity and no externally driven water flow.
3) Diffusion is molecular.
4) Adsorption of sulfate can be ignored.
3) There are no other chemical reactions affecting the concentration of sulfate, such
as mineral precipitation.
The above assumptions are generally considered to hold true for normal marine
sediments. In hydrocarbon seeps it is possible to argue that the first two assumptions are
invalid because hydrocarbon seepage could be considered to be an externally driven water
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flow which disturbs the steady state. However, submersible observations indicate that
hydrocarbon seepage generally occurs as point sources typically along faults. After
emerging to the seafloor or into the shallow sediments, hydrocarbons likely diffuse
laterally into the surrounding sediments. Since hydrocarbons contain no sulfate, the
diffusion of hydrocarbons will not destroy the steady state conditions in terms of sulfate
in sediments. Therefore, the first two assumptions are considered to be valid in seeps.

Substituting eq. 5 into eq. 4, and solving for the boundary conditions
x=0

C = Co (sulfate concentration in the overlying water)

x = oo

c = Coo (concentration of S

0 4

"2 , after reduction ceases)

yields

C

= (co2lG 0 )/(ci)2 + kDsk)exp [-(k/co)xl + C oo

(6 )

where:
(g)2l G o)/(co2 + kDsk) = C 0

- C oo

(Berner, 1971)

(7)

Go = Initial concentration of organic carbon available for bacteria sulfate reduction.
As the lower boundary approaches zero (C oo
of eq

.6

— > 0 ),

the mathematical description

can be simplified as following:
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C = C 0 exp [-(k/oo)x]

(8 )

Because the infinite lower boundary (C oo — > 0) simplifies the algebraic and
graphical representation of the relationships involved, eq. 8 is utilized in modeling pore
fluid data. The justification for assigning a value of zero to C oo is that sulfate
concentrations decrease with depth in all cores and the deepest samples in several cores
(cores 2639-3,2647-3 and 2647-2) contain sulfate less than 1 mM/L (Table 3.1 and Fig.
3.1 A). Substituting the measured overlying seawater sulfate concentration of 28.9 mM/L
for Co in eq. 8 , the modeled sulfate profiles representing the values of k/co which are best
fit sulfate data are plotted in Figure 3.6 and 3.7. Because two sulfate reduction
increments were proposed in cores 2639-3 and 2639-4 based on the sulfate profiles (see
results section), only the upper parts of the cores are considered for the modeling of these
two cores (Fig. 3.7E and 3.7F).
From Figure 3.6 and 3.7 it is evident that the modeled sulfate profiles fit the
measured data well in all cores. This indicates that the mathematical model and the
assumptions are valid. Reduction rate constants (k) for all cores (Table 3.2) are calculated
on the basis of the modeled k/to values and the sedimentation rate (to) of 6 cm/

1000

yr.

on the Gulf of Mexico slope at the comparable depth (Aharon, 1991). The average k
values are 2.9 x 10'^ y r 1, 28.3 x

10

"^ y r 1 and 174.0 x 10-^ y r 1 in background,

bacterial mats and mussel areas, respectively. It is evident that the highest reduction rate
constant (k) occurs in mussel beds, followed by bacterial mats and background areas.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

65

1

0

® '

'

'

'♦

+
++/

:
€
a

g -20

*

+

•

+

-5
•

/ *
++
^++ k/co = 0.0049 cm'*

* k/co = 0.3125 cm-*
+

•30
25

26

27

28

10

29

SO4 (mM/L)

20

30

SO4 (mM/L)
.•+
•10

JS

k/co = 0.3819 cm

a

£

k/co = 0.1757 cm
-20

-20:

-30

-30

30

SO4 (mM/L)

SO4 (mM/L)
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Table 3.2. Sulfate reduction rate constants.
Sampling

Core

k/co value

k value (lxlO*5)

areas
background

name

(cm'1)

(yr'*)

2647-4

0.0049

2.94

2635-1
2635-2

0.0310
0.0194

18.60
11.64

2635-3
2639-2
2639-3
2639-4
average

0.0131

7.86
41.46
48.54
41.64
28.29

bacterial mats

mussel beds

2647-1
2637-2
2647-3
average

0.0691
0.0809
0.0694
0.0472
0.3125
0.3819
0.1757
0.2900

187.50
229.14
105.42
173.95

Notes: k and oi are sulfate reduction rate constant and sedimentation rate, respectively, k/w values
are obtained from the moleled curves in Figure 3.6 and 3.7. (0 = 6 cm/1000 yrs (Aharon 1991).
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Sedimentation rates in the three areas are considered to be similar. In fact, sedimentation
rates in seeps are probably higher than that in background sites due to the accumulation of
seepage material and authigenic mineral precipitation (e.g. precipitation of carbonates and
sulfides). Therefore, the difference of k between seep and background areas is likely to
represent minimum values.
The rate constant (k) can be used in conjunction with eq. 5 to estimate the
magnitude of the reduction rate. From equation 5 it is noted that sulfate reduction rates (J)
at any depth are positively proportional to k, G and L.
Since the G in pore fluids was not measured, it is impossible to obtain the absolute
reduction rate. But a qualitative comparison between different areas can be achieved on
the basis of the following qualifications:
(1) L value depends on the type of organic matter used during reduction. It is either
1 for CH 4 or 1/2 for CH2 O.
(2) G value in seeps (mussel beds and bacterial mats) is greater than that in
background areas due to the addition of seeping hydrocarbons.
(3) Seeps sediments in both mussel and bacterial mat areas are saturated with
hydrocarbons. Thus, the G is not the controlling factor causing the difference of
reduction rates between mussel and bacterial mat areas.
The first qualification is based on the stoichiometric relationships from equations 13. Total organic matter (TOC) in seep sediments were not measured in this study, but
TOC in seep sediments as high as 15 times that in non-seep sediments on the Gulf of
Mexico slope has been reported (Kennicutt and Brooks, 1990). In addition, crude oil is
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typically extruded from the core sediments taken in seeps during squeezing. Therefore,
the second and third qualifications are considered to be valid as well.
Now the reduction rates in different areas can be qualitatively assessed based on eq.
S. First, given the L of either 1/2 or 1, the much higher k and G values in seeps (the k
values in bacterial mats and mussel beds are

10

and 60 times higher than that in

background areas, respectively, see Table 3.2) dictate that reduction rates in seeps are
greater than that in background areas. Second, in seeps, the k value in mussel areas is 6
times higher than that in bacterial mats. Given the L of 1 in bacterial mats and 1/2 in
mussel beds, the reduction rate in mussel beds will still be 3 times that in bacterial mats.
Therefore, the reduction rates from the highest to the lowest are expected to occur in
mussel areas, bacterial mats, and background sites.
A question that needs to be answered is why sulfate reduction rates differ between
different seepage sites? Numerous factors have been shown to control rates of bacterial
sulfate reduction and the potentially important factors are (Bernard and Westrich, 1984):
(1) temperature; (2) pressure; (3) concentration of dissolved sulfate in pore fluids, and (4)
amount of reactive organic matter entering the sediment and the extent to which it can be
metabolized.
It is generally accepted that sulfate reduction rate increases with both temperature
and pressure (Goldhaber and Kaplan, 1975; Jorgensen, 1977; Aller and Yingst, 1980;
Abdollahi and Nedwell, 1979). Bottom temperatures at sampling sites in this study are
between 6 and 9°C, and the water depth ranges between 590 and 630 m. These small
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differences in temperature and hydrostatic pressure would not be expected to result in the
observed local variations in sulfate reduction rates.
Dissolved sulfate concentration could affect the reduction rates, but only when the
concentration of sulfate is less than 10% of the seawater value ( less than 3 mM/L,
Martens and Berner, 1977; Ramm and Bella, 1974; Jorgensen, 1981). It is found that
after the sulfate concentration is depleted to less than 10% (< 3 mM/L) of the seawater
value, the reduction rate decreases as the sulfate concentration becomes depleted
(Westrich, 1983). Most pore fluids considered here contain more than 10% (>3 mM/L)
of the seawater sulfate. In addition, most pore fluids with significant depletion of sulfate
(< 3 mM/L) were found in mussel beds where the highest reduction rates are observed.
Therefore, sulfate concentration can not be the controlling factor for the reduction rates.
It has been widely accepted that the amount and metabolizability of the organic
material in sediments are the important factors controlling sulfate reduction rates
(Goldhaber and Kaplan, 1975; Berner, 1978, 1980; Jorgensen, 1981; Westrich, 1983).
Of these two variables, the metabolizability or reactivity of the organic matter is
considered to be far more important than simply the amount of organic material
(Westrich, 1983). Generally, the more abundant and reactive the organic matter, the
higher the reduction rates (Westrich, 1983). Sulfate reduction rates using marine organic
matter are considered to be higher than using terrestrial organic matter because it is more
difficult for bacteria to degrade the terrestrial organic matter (mainly vascular plants) than
the marine organic matter (like algal type organic matter, Goldhaber and Kaplan, 1975;
Fenchel and Blackburn, 1979).
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In background areas, the organic matter in the sediments is likely the mixture of
terrestrial and marine origin. In contrast, in seep sediments, the dominant organic matter
are hydrocarbons which are of marine origin. Therefore, the reduction rates in seeps are
expected to be higher than that in background area. In addition, as mentioned above, the
organic concentrations in seep sediments are much higher than those in the background
sediments due to the addition of seeping hydrocarbons, and this seepage makes the G
values higher than that in the background.
In seeps, the type of seeping hydrocarbons may control the reduction rates.
Submersible observations indicate that methane (thermogenic and/or biogenic origin) is
the dominant seeping hydrocarbon in mussel sites (Pauli et al, 1985; MacDonald et al.,
1990b), whereas crude oil is the main seeping hydrocarbon in bacterial mats (MacDonald
et al., 1990a). Sulfate reduction using methane in mussel sites has been inferred based on
S ^ C of authigenic carbonates (Hovland et al., 1987; Roberts et al., 1989; Pauli et al.,
1992; Aharon, 1994). As will be shown later in this chapter, sulfate reduction using
crude oil in bacterial mats is demonstrated based on S ^ C of pore fluids. Two factors
may cause the reduction rate in mussel areas to be higher than those in bacterial mats.
First, based on the equations 1-3, the L value is 1 for the reduction using methane and
1/2 for the reduction using crude oil. Thus, the L values in mussel areas are twice that in
bacterial mat areas. Second, because the molecule of methane is smaller than that of crude
oil (the bond strength of methane may be weaker than that of crude oil), it is reasonable to
suggest that it is easier for bacteria to metabolize methane than crude oil, and this may be
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the reason why the reduction rate constants (k) in mussel beds are higher than in bacteria
mats.
3.4.1.3 Sulfur and oxygen isotope fractionations during sulfate reduction
Sulfur and oxygen isotope compositions of sulfate in pore fluids increases as
sulfate concentration decreases (Table 3.1). This is attributed to the bacterial sulfate
reduction occurring in a closed or semi-closed environment. When sulfate in solution is
reduced by sulfate-reducing bacteria, the rate of reduction is faster for 32s(>4 2 - than for
34

S0

4 2

-, because the energy required to break the 32s-0 bond is lower than that for

3 4 s-0 bond (Harrison and Thode, 1958). Similarly, S ^ c ^ * is reduced faster than
S16

0 3

18(1)2- (Lloyd, 1968; Mizutani and Rafter, 1969). Therefore, sulfate ions

remaining in solution will progressively become enriched in heavy sulfur and oxygen
isotopes as reduction proceeds. Fractionation factors (a) of S and O in sulfate can be
estimated from a Rayleigh distillation equation based on measurements of 534s, 5 ^ 0 ,
and sulfate concentrations in pore fluids. The equation employed here is modified from
Lloyd (1967) and the form is as follows:

AS = 5C - 8 0 =

1000

[( 1 /a)- l]ln f

where:
5c = the value of 834s or 5 ^ 0 when the fraction of SO4 2 - remaining is f.
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8

o = the value of

or 8

^ 0

of the original or starting sulfate (seawater

sulfate).
a = the instantaneous, unidirectional, fractionation factor of S or O.
f = [conc. SO4 at time (t)]/[conc. SO4 at time (0)] = Ct/Co.

Equation (9) can be rewritten as follows:

Sc =

1000

( 1 /a -l)lnCt + {8 0 -

1000

[(l/a ) -l]lnC0 }

(1 0 )

If a is constant, then 1000[(l/a) -1] is the slope in a plot of 8 c versus In (Ct) for

values measured at different stages of reduction while the quantity of [ 8 0 -

1000

( 1/ a -

l)lnC'o] is a constant representing the initial condition. Plots for pore fluids are shown in
Figure 3.8. It is important to note that no linear relationships are discerned for either
S34S or 8 1

^ 0

data. This suggests that sulfur and oxygen isotope fractionations are not

constant. When pore fluids from different sites are plotted separately, linear relationships
with different slopes emerge (Fig. 3.9 and 3.10). On the basis of the slopes, the
calculated fractionation factor (a) for sulfur are 1.026,1.018 and 1.009 for pore fluids
from background, bacterial mats and mussel beds, respectively. Similarly, fractionation
factor (a) for oxygen are 1.014, 1.006 and 1.002 for pore fluids from background,
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bacterial mat and mussel areas, respectively. Therefore, isotope fractionation factors for
both sulfur and oxygen decrease from background to bacterial mats to mussel areas.
An important question that needs to be answered is what controls the local
variations in isotope fractionations. As discussed in the preceding section, sulfate
reduction rates decrease progressively from mussel beds to bacterial mats to background
areas. This order is reversed to the isotope fractionations order observed which increase
from mussel beds to bacterial mats to background areas. The observed trend is consistent
with previous studies which indicate that the degree of isotope fractionation by bacteria is
inversely proportional to the rate of sulfate reduction (Kaplan, 1962; Harrison and
Thode, 1958; Kaplan and Rittenberg, 1964; Kep and Thode, 1968; Habicht and
Canfield, 1996, 1997). Therefore, the different isotope fractionations observed here are
attributed to the different rates of reduction occurring in different sites.
Compared with previous studies, the sulfur isotope fractionation values of 1.026
and 1.018 in background and bacterial mat areas are similar to those obtained by
laboratory experiments using Desulfovibrio desulfuricans (up to 1.25, Harrison and
Thode, 1958). The values in background and bacterial mats also agree well with
measurements based on marine sediments ( a = 1.019 -1.035, Goldhaber and Kaplan,
1980; Kaplan, 1983). However, the sulfur isotope fractionation of 1.009 in mussel beds
is much lower than the values found in marine sediments (Goldhaber and Kaplan, 1980;
Kaplan, 1983) supporting the view that sulfate reduction rates in mussel areas are much
higher than those in normal or organic-rich marine sediments.
To the author's best knowledge, oxygen isotope fractionations during sulfate
reduction in marine sediments are unknown. Therefore, no comparison can be made to
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the literature. However, the values of 1.005 and 1.002 in bacterial mats and mussel beds
are compatible with previous laboratory results which range from 1.002 to 1.008 (Lloyd,
1967; Mizutani and Rafter, 1969). The value of 1.019 in background areas is higher than
the laboratory measurements (Lloyd, 1967; Mizutani and Rafter, 1969) and may have
been caused by slower reduction rates in background sediments than in the laboratory
experiments.
3.4.1.4 8 ^ S / 8 ^ 0 ratios in sulfate
Several studies based on laboratory experiments and S and O isotope measurements
of sulfate minerals claim that A S ^ s/A S ^ o ratio is about 4/1 during microbial sulfate
reduction (Rafter and Mizutani, 1967; Mizutani and Rafter, 1969; Sakai, 1971; Hunt,
1974). In other words, in a plot of 8 ^ S against 5 ^ 0 , a line with a slope of 4 is
expected for microbial sulfate reduction. In order to explain this, Claypool et al. (1980)
have suggested 4 0 % o and I0°/oo as average 10001n(a) values for sulfur and oxygen in
sulfate, respectively. However, with further available data this 4/1 ratio has been come
insignificant (Claypool et al., 1980; Cecile et al., 1983).
In order to examine the ratio, sulfur and oxygen isotope compositions of pore fluids
are plotted and the results are shown in Figure 3.11. It is interesting to note that linear
relationships with different slopes exist for pore fluids from different sites (Fig. 3.11).
The slopes are 1.4, 2.8 and 3.5 in background, bacterial mats and mussel beds,
respectively. Since the reduction rates increase from background to bacterial mats to
mussel beds, it is reasonable to suggest that the fP^S/S^O ratio probably increases with
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reduction rate. If this holds true, sulfates with heavier isotope compositions (both S ^ S
and 5 ^ 0 ) are expected to yield high S ^ s /S ^ O ratio. This is because the high reduction
rate result in a faster depletion of sulfates whose residuals become enriched in the heavy
isotopes. Cecile et al. (1983) found that barites with relatively light isotopes have 2:1
ratio and the barites with heavier isotopes have near 4:1 ratio. These authors had sound
evidence that these barites precipitated from a pool of sulfate left from microbial sulfate
reduction, but they could not explain why the 8 ^ S / 8 ^ 0 ratios were different. The
different S ^ S /S ^ O ratios they found may be easily explained by the different reduction
rates found in this study. Recently, low S ^ S /S ^ O ratios (2:1) in barite from the
convergent continental margin off Peru have also been reported (Aquilina et al., 1997).
To explain the lower ratio, these authors suggested that the barites were precipitated at
high temperature because equilibrium of O in SO4 with seawater O at high temperature
(>100°C) results in SO4 enriched in ^ O , and this would lower the S ^ s / S ^ O ratio.
However, their data indicated that no significant temperature anomalies were found in the
study areas. Based on the results of this study, low ratios can be explained by low
reduction rates.
Therefore, in contrast to previous studies which found a fixed 4/1 S ^ S /S ^ O ratio
during microbial sulfate reduction, this study indicates that S ^ S /S ^ O ratio is variable
and depends on reduction rates. The ratio may be used as a qualitative indicator of sulfate
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reduction rate because a higher reduction rate tends to give higher S ^ S /S ^ O ratio. It
must be stated that this is the first study to document that reduction rate may affect
S ^ s /S ^ O ratio but application of these results must await further investigations.
3.4.1.5 DIC, ALKC enrichments, and
depletion: Recognition o f the
types of organic matter used during sulfate reduction.
Microbial sulfate reduction will increase DIC and A L K c , but deplete 8 13C of DIC in
pore fluids due to the addition of carbon with light isotopes derived from oxidation of
either POM (reaction 1 and 2) or methane (reaction 3). A positive relationship between
DIC and A L K c exists for all pore fluids (Fig. 3.12) suggesting the sulfate reduction
occurs in seeps. A weak negative relationship between DIC and 8 ,3C exists for pore
fluids in bacterial mats (Fig. 3.13), but a positive relationship occurs for pore fluids in
mussel beds (Fig. 3.13). As will be explained later, the positive relationship observed in
mussel beds is caused by fermentation.The following approach developed in a study by
Aharon (1998) attempts to identify the types of organic matter used during sulfate
reduction. Reduction using POM or paraffinic hydrocarbons can be distinguished by the
ratio of increment of carbonate alkalinity (A A L K c ) to the increment of total dissolved
inorganic carbon (A D IC ) in pore fluids. This is because sulfate reduction using POM
(either nitrogen-rich or nitrogen-poor, eqs.
equal effect on A L K c

a n d D IC .

1

and 2 ) will produce HC0 3 " which has an

Therefore, the A A L K c to A D IC ratio should be 1:1. In

contrast, sulfate reduction using methane produces C 03 ^~ which affects A L K c as much
as twice that of D I C . Thus, the ratio of A A L K c to

A D IC

should be 2: 1 .
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Figure 3.13. Relationship between DIC and S ^ C of DIC in pore
fluids. The inverse relationship observed in bacterial mats indicates
sulfate reduction using organic matter. The positive relationship in
pore fluids from mussel beds suggests methane formation through
fermentation.
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ALKc

and DIC in pore fluids of seeps are defined as follows (Aharon et al. 1992):

DIC = HCO3 - + CO 3 2- + H2 CO 3 + CO 2 aq

(11)

A L K c = H C O 3- + 2 C 0 3 2 ’

(1 2 )

where DIC (mM/liter) is the sum of the concentrations of all dissolved carbon species
whereas the carbonate alkalinity (meq/liter) is a measure of the concentration of the
negatively charged carbonate ions that interact with H+ (Aharon et al., 1992).
The relationship between A A L K c and ADIC of the pore fluids is shown in Figure
3.14. A A L K c and ADIC are calculated using measured A L K c and DIC in pore fluids
minus bottom water values. It is of interesting to note that all the data from bacterial mats
converge along a 1:1 line indicating that sulfate reduction using POM (either nitrogen-rich
or nitrogen-poor) has occurred. However, the data from mussel areas fall below the 1:1
line, which is attributed, as will be discussed latter, to the effect of methanogenesis
through fermentation.
A further quesdon concerning the sulfate reduction using POM in bacterial mats is
whether POM is nitrogen-rich (cheymosynthetically generated) or nitrogen-poor
(hydrocarbon). Generally, the content of ammonia in pore fluids is a good discriminator
for this purpose because according to reactions

1

and 2 , more ammonia will be generated

through sulfate reduction using nitrogen-rich POM than that using nitrogen-poor POM.
Unfortunately, ammonia concentrations were not measured in this study. I herein employ
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Figure 3.14. Relationship between total dissolved inorganic carbon
and carbonate alkalinity in pore fluids. The 2:1 and 1:1 lines represent
sulfate reduction using methane and POM, respectively (see text).
Note that pore fluids from bacterial mats converge along the 1:1 line
whereas the pore fluids from mussel beds are below 1 : 1 line.
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another discriminator, 5 ^ C of organic substrata, based on the fact that the nitrogen-rich
and nitrogen-poor POM generally show different carbon isotope signatures. The
representative 8 ^ C values of different types of POM in the Gulf of Mexico seep areas
are illustrated in Table 3.3. It is obvious that 8 ^ C values of different types of POM in
the Gulf of Mexico seeps do not overlap. Thus the type of POM used during sulfate
reduction can be recognized if the 8 ^3C of organic substrata is known. The following
approach attempts to obtain 8 *3C value of the organic substrata used for sulfate reduction
in the bacterial mats and then to decipher the source of the substrata.
There are two main sources for pore fluid DIC in bacterial mats: (i) precursor
seawater's DIC pool, and (ii) DIC resulting from sulfate reduction using POM. Pore fluid
carbon isotope composition, therefore, can be modeled as a two-component mixing
process. The equation is expressed as follows:

8

*3C pp = S 1 3 C s r * (DICSr/(D ICsw + D ICsr)) + 8 ^3Csw *
(DICsw/(DICSw + DICsr ))

(13)

where subscripts PF, SR, and SW stand for pore fluid, sulfate reduction, and bottom
water, respectively. The amount of DICsr resulting from sulfate reduction can be
estimated from the amount of SO4 3' consumed. According to reaction 1 and 2, two
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Table 3.3. Representative carbon isotope compositions of different POM in the Gulf of Mexico
Types of organic matter

8I3C (°/ooPDB)

Reference

Nitrogen-rich POM
Chemosynthetically-derived organic matter
Planktonic bodies

(-37 to-76)
(-2 1 )

Pauli et al., 1992
Jasper and Gagosian, 1989

Nitrogen-deficient POM
Crude oil
Sedimentary organic matter

(-26 to -31)
(-25)

Anderson et al., 1983; Kennicutt et al., 1992
unpublished data

Note: POM stands for Particulate Organic Matter.

oo
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moles of DIC sr are released into the pore fluid for each mole of SO4 2" consumed. Thus,
substituting 2 ASO4 2' for DICsr and rearranging equation 13, the following equation is
derived:

8 13C pF = 5 13CSr * (2 AS0

4 2

-/(DICSw + 2 ASO4 2-)) + S ^ C s w *

(DICsw/(DICsw + 2ASO42'))

( 14)

where DICswand S ^ C sw are 2.08 mM/1 and 0.63°/oo (PDB), respectively (Table
3.1). The relationship between 8 ^3C pf and ASO4 2' depends on the 8 ^3 C s r value.
Modeled curves of S^3C pf versus ASO4 2' with different 8 *3 C s r values are shown in
Figure 3.15. It is important to note that the modeled curve with predicted 8 ^3 C s r value
of -28°/oo (PDB) agrees well with the pore fluid data from bacterial mats. This suggests
that the 8 ^3C of DIC derived from sulfate reduction in bacterial mats is about -28°/oo
(PDB). Since C02 generated by bacterially decomposing organic matter has a S^3C value
approximately equal to that of the starting material (Kaplan, 1994), the initial 8 *3C value
of the organic substrata used for sulfate reduction is then predicted to be -28% o (PDB).
This value is in the range of crude oil found in the Gulf of Mexico (Table 3.3).
Therefore, I propose that it is crude oil that bacteria used during sulfate reduction in
bacterial mat areas. This interpretation is consistent with submersible observations that
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Figure 3. IS. Relationship between carbon isotope compositions of DIC and
the sulfate consumed during sulfate reduction in bacterial mats. Notethe good
fit of modeled curve based on
= -28.0°/oo (PDB) with the measured
data suggesting that S ^ C of the DIC derived from sulfate reduction is about
-28.0°/oo (PDB) which makes me speculate that crude oil is used as substrate
in sulfate reduction occurring under bacterial mats.
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bacterial mats are tightly coupled with crude oil seepage. In addition, crude oil was
occasionally sequeezed from cores taken from bacterial mats during pore fluid
extractions.
Recent laboratory experiments indicate that hydrocarbons in crude oil can be
oxidized directly by sulfate-reducing bacteria growing under strictly anoxic conditions
(Rueter et al., 1994). In the Gulf of Mexico, crude oil seepage is very common and most
crude oil has been intensively altered (Sassen et al., 1994). The alteration of crude oil has
generally been attributed to aerobic microbial oxidation (Sassen et al., 1994). The results
of this study and laboratory experiments of others (Rueter et al., 1994) suggest that
anaerobic sulfate reduction may play an equally important role in the mediation of seeping
crude oil as aerobic microbial oxidation does in the Gulf of Mexico hydrocarbon seeps.
Microbial sulfate reduction in mussel beds has also been recognized on the basis of
the inverse relationship between sulfate and sulfide (Fig. 3.5). However, as will be seen
later, because of the overprint of C02 derived from methane generation, it is difficult to
decipher the starting organic substrata for sulfate reduction based solely on the
relationships between ALKc, DIC and

of DIC as shown here for bacterial mats.

3.4.2 M ethanogenesis.
Methane forms during early stages of diagenesis by bacterial fermentation and
generally appears at depths where sulfate is exhausted by sulfate-reducing bacteria
(Nissenbaum et al., 1972; Cappenberg, 1974; Claypool and Kaplan, 1974; Martens and
Berner, 1974). This is because bacterial methanogenesis is not an energetically efficient
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process by comparison with oxygen-coupled respiration or with sulfate reduction
(Kaplan, 1994). The overall reactions for methane formation are expressed as follows:

2

(CH 2

0

)n = nCH4 + nCC> 2

(15)

where CH 2 O represents organic matter that has undergone fermentation.
Besides fermentation, methane can also form by the reduction of carbon dioxide
using either H2 (aq) or other organic hydrogen donors as reducing agents (Thimann,
1963). The general reaction is:

CO 2 + 4 H2 A = CH 4 + 4A + 2 H2

0

(16)

where A is the combination C and O for organic matter and A is omitted in the case of
H2Although the exact position of methane-forming bacteria in seep sediment profiles
has not yet been established, their effects on pore fluid chemistry are well known. For
example, up to 10 mM/1 of methane has been found in pore fluids from brine seeps at
Florida Escarpment (Coston, 1989). In addition, biogenic methane in seeps has often
been speculated on the basis of extremely light 8 ^ C values of authigenic carbonates
(Hovland et al., 1987; Roberts et al., 1989; Pauli et al., 1992; Aharon, 1994a). This is
because microbial oxidation of biogenic methane creates a source of pore fluid CO 2
containing isotopically light carbon that helps trigger carbonate precipitation.
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As shown in Figure 3.14, pore fluids from mussel areas fall below the 1:1 line in a
plot of A A L K c versus A D IC . This indicates that some process(es) which increases

D IC

but has a weak effect on alkalinity (A L K c ) must exist. Methanogenesis through
fermentation is most likely responsible for this feature.
According to equation IS, during methane formation, pore fluid D I C is elevated due
to the generation of C O 2, but A L K c will not change. Therefore, as C O 2 derived from
methane formation is released into pore fluids, the A A L K c to A D IC ratio will be lowered.
This may explain why the A A L K c to A D IC ratio of pore fluids in mussel areas are less
than 1 (Fig. 3.14). This interpretation is supported by the positive relationship between
D IC

and 8 ^ C of D IC in mussel areas (Fig. 3.13), which indicates that some carbon

species with heavy isotope compositions were imported into the pore fluids in mussel
areas. The CO 2 produced during methanogenesis via fermentation is the potential source.
During methanogenesis a large carbon isotope fractionation on the order of 70°/oo occurs
between CH4 and CO 2 (Kaplan, 1994) The former shows anomalous depletion in the
l^C isotope (-45 °/oo to -90 °/oo PDB) whereas the latter displays unusual l^C
enrichments. As CO2 with heavy carbon derived from methane generation is released into
pore fluids, both DIC and S ^ C values of DIC of pore fluids increase. Reduction of
carbon dioxide (eq. 16) could result in the increase of S13C of DIC, but, it will decrease
DIC because CO2 is consumed in this reaction.
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Based on the DIC and 8 ^ C depth profiles (Fig. 3.3B and 3.3C), a boundary
between sulfate reduction and methanogenesis in mussel areas is drawn at about 3 to 10
cm below the sediment/water interface. This depth is much shallower than that in normal
or organic-rich marine sediments (Claypool and Kaplan, 1974; Martens and Berner,
1974). This may be caused by the markedly high reduction rate in mussel areas which
rapidly depletes sulfate (Fig. 3.1 A).
A problem which needs to be addressed here is why methanogenesis occurs in
mussel areas but does not show up in bacterial mats. It probably relates to sulfate
concentrations which in turn are controlled by the sulfate reduction rate. As mentioned
above, methanogenesis appears at depth where sulfate is largely exhausted by sulfatereducing bacteria because methanogens are outcompeted by the sulfate reducers in their
quest for metabolites (Irwin et al., 1977; Ehrlich, 1990). As shown in Figure 3.2A, most
pore fluids from bacterial mats contain sulfate in excess of 8 mM/L, and these relatively
high sulfate concentrations may inhibit the methanogenesis in bacterial mats.
3.4.3

Carbonate saturation states in pore fluids

Authigenic carbonates are ubiquitous in hydrocarbon seeps (Hovland et al., 1987;
Ritger et al., 1987; Pauli et al., 1992; Sakai et al., 1992; Aharon, 1994a; Ferrell and
Aharon, 1994; Roberts and Aharon, 1994). Although it is generally accepted that
authigenic carbonates precipitate from pore fluids altered by microbial processes
occurring at seep sites, no systematic investigation of carbonate saturation states of pore
fluids in seeps has been attempted. The only exception is the study of Coston (1989)
which investigated the saturation states of carbonates (aragonite, calcite and dolomite) and
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other minerals (cestitite, mackinawite, etc.) in pore fluid from brine seeps on the Florida
Escarpment.
In order to assess the effects of microbial processes on the formation of authigenic
carbonates, saturation states with respect to aragonite, calcite, 12.7 mol% magnesian
calcite, and dolomite in pore fluids have been determined. The 12.7 mol% magnesian
calcite was chosen for two reasons: First, according to Ferrell and Aharon (1994), the
most frequently encountered magnesian calcite in seeps in the Gulf of Mexico contains
10-15 mol% MgCC>3 ; Second, the solubility constant of 12.7 mol% magnesian calcite
has been calculated by Plummer and Mackenzie (1974). The apparent degree of saturation
(DS') of a mineral is determined by the ratio of the ion molality product (IMP) to the
apparent solubility product (K'sp) of the minerals, where DS' > 1 indicates
oversaturation, DS - 1 indicates saturation, and DS'< 1 indicates undersaturation. The
detailed calculations can be found in Appendix B.
Apparent degrees of saturation DS'a (aragonite), DS'c (calcite), DS'hmc (high
magnesian calcite), and DS'doi (dolomite) are shown in Table 3.4 and saturation index
depth profiles are given in Figures 3.16 and 3.17. The results indicate that the ambient
bottom water is undersaturated with respect to aragonite, calcite, high magnesian calcite,
but supersaturated relative to dolomite (Table 3.4). In the background core, pore fluids
are saturated or nearly saturated relative to calcite and supersaturated relative to dolomite,
but are undersaturated relative to aragonite and high magnesian calcite (Table 3.4).
It is important to note that carbonate saturation states in mussel beds differ from
those in bacterial mats. All pore fluids from mussel areas are highly supersaturated with
respect to all carbonate minerals considered here, but in bacterial mats, most pore fluids

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

seawater
background
X
core 2647-4
bacterial mats
o core 2635-1
□ core 2635-2
A core 2635-3
B core 2639-2

o

-10

>

-20

-25
0

10

20

D S'c

30

40

50

-10

-10

-15

• 15

-20

-20

-25
0

mussel beds
•
A

-25
10

20

D S'hm c

30

0

2

4

6

core 2647-1
core 2647-2

8 10 12

D S'a
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Table 3.4. Carbonate saturation states in pore fluids at 6.9°C and 60 atm.
Sampling
sites
Bottom water

Background core
Green Canyon
Block 185

Bacterial Mats
Green Canyon
Block 232

Mussel beds
Green Canyon
Block 185

DS’hmc DS'dol

Depth
(cm)
0.0

DS'c

DS'a

0.8

0.6

0.2

1.4

2647,4-2
2647,4-3
2647,4-4
2647,4-5
2647,4-6
2647,4-7
2647,4-8
2647,4-9
2647,4-10

-2.0
-4.0
-6.0
-9.0
-11.0
-13.0
-16.0
-19.0
-22.0

1.6
1.9
1.3
1.4
1.0
1.1
1.0
0.7
0.6

1.0
1.0
0.9
1.0
0.7
0.7
0.7
0.5
0.4

0.4
0.5
0.3
0.4
0.3
0.3
0.3
0.2
0.2

5.9
8.1
3.9
4.3
2.5
2.6
2.1
1.1
0.8

2635,
2635,
2635,
2635,
2635,

1-2
1-3
1-4
1-5
1-6

-5.0
-8.5
-12.5
-16.0
-19.0

0.9
1.0
0.8
1.6
2.1

0.6
0.7
0.6
1.1
1.4

0.2
0.3
0.2
0.4
0.6

1.9
2.3
1.8
6.4
12.0

2635,2-1
2635,2-2
2635,2-3

-4.0
-7.0
-10.0

0.5
0.4
0.7

0.4
0.3
0.5

0.1
0.1
0.2

0.6
0.4
1.1

2635,3-1
2635,3-2
2635, 3-3

-0.5
-3.5
-6.5

0.6
0.7
1.0

0.4
0.5
0.7

0.1
0.2
0.3

0.7
1.2
2.1

2639,2-2
2639,2-3
2639, 2-4
2639,2-5
2639,2-6
2639,2-7
2639,2-8

-2.5
-5.0
-8.0
-11.0
-14.5
-18.0
-21.0

1.4
1.7
1.8
1.7
2.0
1.9
1.6

0.9
1.2
1.2
1.2
1.4
1.3
1.1

0.4
0.5
0.5
0.5
0.6
0.5
0.5

5.1
8.0
10.0
9.7
14.6
13.3
9.8

2647,1-1
2647,1-2

-2.0
-6.0

9.1
40.3

6.3
27.7

2.4
10.8

190.6
3769.9

2647,2-1
2647,2-2
2647, 2-3
2647,2-4
2647,2-5
2647,2-6
2647,2-7
2647,2-8

-2.0
-4.0
-6.0
-9.0
-12.0
-15.0
-18.0
-21.0

8.0
21.8
21.8
16.2
17.8
18.0
18.1
16.0

5.5
15.0
15.0
11.1
12.3
12.4
12.5
11.0

2.2
6.0
6.0
4.5
5.0
5.1
5.2
4.6

164.6
1349.8
1332.9
747.4
987.4
1097.2
1196.6
940.6

Sample
number

Notes: DS'a. DS'c, DS'hmc and DS'dol stand for degree o f saturation o f the pore fluids to aragonite,
calcite, high magnesium calcite and dolomite.
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are undersaturated with respect to calcite, aragonite, and high magnesian calcite (Table
3.4; Fig. 3.16). The only exception is the pore fluid from core 2639-2, in which the pore
fluid is saturated or slightly oversaturated relative to calcite and aragonite. Although all
the pore fluid in bacterial mats are supersaturated with respect to dolomite, the
supersaturation states are much lower than those from mussel areas (Table 3.4; Fig.
3.17).
These results agree well with submersible observations that carbonates are
commonly associated with mussels, but rarely occur in bacterial mats. The close
association of mussels with carbonates is generally attributed to the ecological
requirement that mussels need a hard substrata on which to live (e.g. MacDonald et al.,
1990b). However, why carbonates commonly occur in mussel areas instead of in
bacterial mats is presently unclear. The results of this study imply that this may be
controlled by the carbonate saturation states in pore fluids.
What factors controls the carbonate saturation in seeps? Carbonate precipitation can
be expressed as following (Aharon, 1998):

Ca2+ + 2 HC0

3

" —> Ca2+ + H2 CO 3 + C 0 3 2“ —> CaC 0

3

+ H2 CO 3

(17)

The carbonate saturation states of pore fluids are mainly controlled by the
concentrations of Ca2+, HCO3 “and/or CO3 2 -. Since most pore fluids in seeps originate
from the overlying sea water, the initial concentration of Ca2+ (and Mg2+) should be
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fixed (Aharon, 1998). Therefore, the only alternative to achieve supersaturation is to vary
the amounts of HCO3 " or C O ^', which in turn control the carbonate alkalinity (eq. 12).
In mussel areas, rapid sulfate reduction dramatically increases carbonate alkalinity
which in turn drives the carbonate precipitation. This is evidenced by the rapid decrease
of Ca concentration with depth in mussel areas (Fig. 3.4A). In addition, the decrease of
Sr with depth (Fig. 3.4C) suggests that Sr probably coprecipitates with Ca, especially in
the precipitation of Sr-rich aragonite. The rapid depletion of Mg with depth (Fig. 3.4B)
and the supersaturation states with respect to magnesian calcite (Table 3.4; Fig. 3.16B)
suggest that magnesian calcite precipitation probably took place. This interpretation is
consistent with a previous study (Ferrell and Aharon, 1994) which finds that magnesian
calcites are common authigenic minerals associated with hydrocarbon seeps in the Gulf of
Mexico. Dolomite has been reported in modest amounts in the authigenic carbonates from
hydrocarbon seepage sites (Roberts and Aharon, 1994). The depletion of sulfate and the
highly supersaturated state with respect to dolomite in pore fluids could be the two
favorable conditions that promote dolomite precipitation in mussel areas. This is because
the presence of sulfate has been shown experimentally to inhibit dolomite precipitation
(Baker and Kastner, 1981; Kastner, 1984). In mussel areas, sulfate is rapidly depleted to
near zero at the very top of the core (Fig. 2A) due to rapid sulfate reduction. Thus,
dolomite nucleation would be expected to occur below the sediment depth where the
sulfate concentration approaches zero. In addition, pore fluids from mussel areas are
highly supersaturated with respect to dolomite which may help overcome the lowtemperature kinetic barriers to the precipitation of dolomite.
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In bacterial mats, the only carbonate phase supersaturated in all pore fluids is
dolomite. But because of relatively high sulfate concentrations in these pore fluids (Table
1; Fig. 2A), dolomite precipitation may be inhibited in bacterial areas. The slight
supersaturation with respect to calcite and aragonite in some pore fluids from bacterial
mats suggests that carbonates might precipitate. However, compared with the pore fluids
from mussel areas, the supersaturation states are much lower. Thus, carbonate
precipitation is expected to be weak in bacterial mats if it occurs at all. This interpretation
is supported by the fact that the depletion of Ca and Sr in the pore fluids from bacterial
mats is much lower than those in mussel areas (Fig. 3.4A, 3.4C).
3.4.4

Models o f microbial processes occurring within seep sediments

Based on the chemistry and isotopes of pore fluids presented above, tentative
models for microbial processes occurring in seeps are established. As shown in Figure
3.18, thermogenic methane may migrate upward along faults into the surficial marine
sediment. Sulfate reduction using thermogenic methane rapidly depletes sulfate
concentrations in pore fluids to near zero at shallow depths. This depletion of sulfate will
in turn drive methanogenesis through fermentation (the substrata for the fermentation
could be either sedimentary organic matter or seeping crude oil). Consequently,
chemosynthetic mussels will colonize these seep sites due to abundance of methane
(thermogenic and biogenic) which is the metabolic substrata for the mussels. In addition,
the rapid sulfate reduction drastically increases carbonate alkalinity in pore fluids which in
turn triggers carbonate precipitation. This may explain why mussels are often associated
with carbonates in seep areas.
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In bacterial mat areas (Fig. 3.19), the seeping hydrocarbons are likely dominated by
crude oil. Sulfate reduction using crude oil may be slower than using methane.
Therefore, sulfate concentrations in pore fluids may never be depleted to near zero in the
shallow sediments. The high concentrations of sulfate in pore fluids inhibit the methane
generation through fermentation. Because of the absence of methane, no mussels exist in
these areas. But Beggiatoa colonize these sites due to the presence of hydrogen sulfide
derived from sulfate reduction. Carbonate precipitation either does not occur or is weak
because sulfate reduction using crude oil is rarely strong enough to bring carbonate
alkalinity to the carbonate supersaturation state. This may explain why carbonates rarely
occur in bacterial mats.
It must be noted, however, that the models achieved here are based on the limited
data at hand. The chemical and microbial processes in seeps are likely to be more
complicated than presented here.
3.5 CO N CLU SIO N S
1. Two kinds of microbial processes have been revealed by pore fluid geochemistry
and isotopes in hydrocarbon seeps: sulfate reduction and methanogenesis through
fermentation. While sulfate reduction occurs in both mussel and bacterial mat areas, the
methanogenesis is only recognized in mussel areas.
2. Sulfate reduction in seeps enrich DIC, ALKc, H2 S and deplete SO4 and S ^ C of
pore fluids, whereas methanogenesis increase both DIC and 5 ^ C of pore fluids.
3. Mathematical modeling of sulfate profiles indicates that rates of reduction decline
progressively from mussel areas, to bacterial mats, to background sites.
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4. The calculated sulfur and oxygen isotope fractionations in seeps are from 1.009
to 1.026 and from 1.002 to 1.014 for sulfur and oxygen, respectively. The isotope
fractionations are inversely related to the reduction rates.
5. 83 4 S/Sl80 ratio increases with reduction rates, therefore, the ratio of 4/1 for
S34S/8180 can not be used as indicator of microbial sulfate reduction.
6

. The reactions involving sulfate reduction using crude oil in bacterial mats are

deciphered based on relationships between DIC and 8 l 3C of DIC.
7. Saturation state calculations with respect to carbonates indicate that pore fluids
from mussel areas are highly supersaturated with respect to aragonite, calcite, magnesian
calcite and dolomite. In contrast, most pore fluids from bacterial mats are undersaturated
with respect to aragonite, calcite and magnesian calcite. This explains why authigenic
carbonates are generally associated with mussels but rarely occur in bacterial mats.
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CHAPTER 4

226 r a AND 228 r a IN THE PORE FLUIDS

4.1 INTRODUCTION
Radium isotopes constitute one of the most useful tracers in oceanographic research
because of their trace level concentration in sea water (typically in the parts per trillion
level) and because of their quasi-conservative chemical behavior (Cochran, 1982).
Among these radium isotopes, two stand out on account of their relatively high
radioactivities and half-lives that match the duration of oceanic processes. These two
isotopes are (i) 226r 3 with a half-life of 1.62xl(P yr. which is an intermediate daughter
in the 238jj decay chain, and (ii) 228r 3 with a half-life of 5.75 yr. which is the
immediate daughter in the 2 3 2 ^ decay chain (Broecker and Peng, 1982). Because the
decay rate of 226r 3 js slower compared with 228r u> the former is the more abundant
isotope of radium in sea water derived fluids (typical 226Rg/228Ra activity ratios in open
ocean water range from 2.4 to 64, Broecker et al., 1976; Kaufman et al., 1973).
Investigations into the occurrence of radium in the Gulf of Mexico indicated that
226&a activity in bottom (mean 13.2 dpm/100 L, where dpm is the unit of disintegration
per minute) and surface (mean 9.75 dpm/100 L) waters are higher than those in the
inflowing Caribbean Sea waters (Reid, 1979,1984; Key, 1981). Therefore, a measurable
internal source accounting for the excess radium was proposed to exist in the Gulf of
Mexico. This excess radium was attributed by Reid (1984) to a source located on the
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northern Gulf of Mexico shelf and by Key (1981) to a cumulative effect related to a longer
residence time of the water in the Gulf of Mexico. More recently, the study by Rabalais et
al. (1991) has indicated that waters produced by the onshore and offshore oil and gas
rigs, and discharged in the nearshore marine environments of the Gulf, contain levels of
highly radioactive radium that constitute a hazard to the marine habitats. In the pursuit of
establishing the source(s) of excess radium in the Gulf of Mexico, the possibility of
natural discharges of radium-rich fluids through faults intersecting the sea floor has been
ignored in the past investigations.
In this Chapter I report the anomalously high 226r 3 and 228r 3 jn the pore fluids
sampled from the radioactive barite deposit areas in Garden Banks block 382 and
Mississippi Canyon block 929. These pore fluids belong to pore fluids type m according
to the classification in Chapter 2. The 226r 3 data shown here are mainly based on a
previous publication (Fu et al., 1996) while the 228r 3 results are new. The objectives of
this study are to delineate the source and origin of 226r 3 and 228r 3 in the pore fluids and
assess their impact on water column and offshore marine habitats in the Gulf of Mexico.
4.2 METHODS
Pore fluid sampling and processing methods, and measurements of salinity can be
found in Chapter 2. 226r 3 determinations were conducted with a modified scintillation
technique developed by Prichard et al. (1980). A 5 ml aliquot of a fluid sample was
injected under 10 ml of a toluene-based scintillation cocktail with Liquifluor® (New
England Nuclear product) added as the scintillating agent. The entire two-phase aqueousorganic layer was sealed gastight with a polyseal cap in a 2 0 ml boroslicate-glass
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scintillation vial and stored for at least three weeks prior to analysis. The 222ru isotope
(half-life 3.82 days, Broecker and Peng, 1982) resulting from alpha decay of 226Ra, and
in secular equilibrium with the parent isotope, was then assayed using a liquid scintillation
counter with a-discrimination capabilities. The total activity of 22^Ra in the sample was
calculated from the counting data and the detection efficiency was determined by
measuring the 22^Ra blanks and standards. Based on multiple analyses of standards, the
average conservative error ( I o) in the 22^R activity values is estimated to be ±5% or
lower.
For 2 2 8 Ra determination, 5 mi of a fluid sample was acidified to 0.1 N with dilute
hydrochloric acid. The acidified sample was aliquoted onto a mini-column of Dowex
50W-X12 cation exchange resin. The 2 2 8 Ra was allowed to decay to its first daughter
product,

2 2 8

ac , over a period of 36 hours. Subsequently, the 22^Ac was selectively

eluted from the column with dilute lactic acid and collected in

10

ml of a water miscible

liquid scintillation cocktail. The high energy beta particle emissions of 22^Ac are
measured on the liquid scintillation counter by virtue of visible microflashes of light
produced by interaction of the beta particles with the liquid scintillation cocktail. These
samples were also compared to a NIST (National Institute of Standards and Technology)
traceable 22&Ra standard which was carried through the identical procedure. Based on
multiple analyses of standards, the average conservative error ( 1 o) in the 22&Ra activity
values is estimated to be ± 8 % or lower.
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4.3 RESULTS
The measured pore fluid salinity, 226r 3 and 228r 3 activities, 228Ra/226Ra activity
ratio along with the ambient Gulf of Mexico deepwater values are listed in Table 4.1. The
pore fluids yield salinity values ranging from 51 to 155 °/oo that are higher than the
measured ambient Gulf of Mexico deepwaters by factors of 1.3 to 4.1. The 226r 3
activities of pore fluids range from 0.4x10* to 28.3x10* dpm/100 L whereas 228r 3
activities of pore fluids range from 0.5x10* to 24.5x10* dpm/100 L. These values are
substantially higher than the ambient Gulf of Mexico bottom water (13.2 ±0.2 dpm/100 L
for 226r 3> Key, 1981; 0.45±0.11 dpm/100 L for 228r 3j Orr, 1988) by factors of 320 to
21,430 and 23,720 to 545,070 for 226r 3 an(j 228r 3) respectively. The 228Ra/226Ra
activity ratio of pore fluids range from 0.56 to 0.90 which are higher than the ambient
Gulf of Mexico deepwater (0.03, Orr, 1988) by factors of to 19 to 30.
Typical depth profiles for 226r 3 and 228r 3 activities and salinity in pore fluids
from a core in Garden Banks 382 are shown in Figure 4.1. The salinity, 226 r 3 and
228r 3 activities reach maximum values of 139 °/oo, 28.3x10* dpm/100 L and 24.5x10*
dpm/100 L at 13,16 and 16 cm depth below sediment surface, respectively, followed by
a decrease to values of 119 °/oo, 7.0x10* dpm/100 L and 6.0x10* dpm/100 L.
4.4 DISCUSSION
4.4.1 The source of 226Ra and 228 r 3

the pore fluids

Pore fluids of deep-sea sediments are generally enriched in 226r 3 and 228r 3 by
factors of 5 to 100 and 60 to 250 over bottom water, respectively (Somayajulu and
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Table 4.1.
Ra and
Ra activities and salinity of pore fluids from barite deposition sites in Garden
Banks block 382 and Mississippi Canyon block 929 on the Gulf of Mexico slop.
■■ m D
Ra
(dpm/100 L)

Ra
(dpm/100 L)

134

173140±8211

13271Q±9024

0.76710.06

2.910.7

138130±5776
249150±8770
282930±7356
131420±6400
70180±4807
4270±1708

12396Q±6483
213780±9064
245282±16483
10601618280
6061514607

0.89710.06
0.85810.05
0.86710.06
0.80710.07
0.86410.09

1.610.6
1.910.5
1.910.6
2.510.8
1.910.8

4

127
139
135
127
119
51

6

64

10610±2033

63261513

0.59610.12

1.511.7

4

52
155

19010+2547
73870+4373

106761835
4905312565

0.56210.09
0.66410.05

2.011.3
0.610.7

Sample

Depth

Salinity

name
Garden Banks block 382

(cm )

(PPt)

3566-1-15

7

3566-1-18
3566-1-21
3566-1-24
3566-1-27
3566-1-30
3566-2-30
Mississippi Canyon block 929
3562-1-20
3559-2-14
3559-2-32
Gulf of Mexico bottom water

10

13
16
19
22

22

228

-

V

i .
ratio

-

Residence
time (yrs)

-

13.2±0.2 (2)
36(1)
0.4510.11
0.03 (3)
Notes: (1) measured in this study; (2) from Key (1981); (3) from Orr (1988); The ^°Ra activity is
corrected to the time when sampes were collected (July, 1993)." Ra activities reported here are measured
values. Due to its long half-life (1,620 yrs), no time-lag correction was made for Ra. The residence time
is the period from the time fluid was trapped in the sediments until sampled.
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Figure 4.1. Depth profiles of 226Ra and 228r 3 activities and salinity in the pore fluids from core
3566-1 taken at Garden Banks block 382.
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Church, 1973; Cochran and Krishnaswami, 1977; Cochran, 1979; Key, 1981). The
enrichment of 226r3 jn the pore fluids is attributed to two principal factors related to the
distinct chemical behavior of U and Th in seawater. First, alpha decay of 234jj jn the
water column produces 230jh which is scavenged by adsorption onto rapidly sinking
particulate matter. Second, the removal process results in 230fh activities in the sediment
which are in excess of the amount which can be supported by the coexisting 234u
(Cochran, 1979). Consequendy, the 226r3 resulting from the radioactive decay of excess
23(>rh in the sediment ends up in the pore fluids by leaching and alpha-recoil processes
(Kigoshi, 1971). Similarly, the 2 3 2 ^ jn the water column is also scavenged by the
falling particulate matter and is buried in the marine sediments (Broecker and Peng,
1982). As a result, the 232jh within the sediments decay to 228r3 which enters the pore
fluids by leaching and alpha-recoil processes. This results in the higher concentration of
228r 3 in pore fluids than overlying water column (Cochran, 1979). Although there is a
scarcity of 226r3 and 228r3 analyses of pore fluids in deep-sea sediments, the available
data tend to support the model outlined above. For example, Somayajulu and Church
(1973) and Cochran and Krishnaswami (1977) analyzed 226r3 and 228r3 activities in
pore fluids from deep-sea cores in the eastern equatorial Pacific sediments which range
from 100 to 1500 dpm/100 L for 226r3 and about 43 dpm/100 L for 228r3j and which
are factors of 8 to 40 and 150, respectively, higher than the ambient Pacific bottom water
(36 dpm/100 L for 226r3 and 0.3 dpm/100 L for 228r3, Somayajulu and Church,
1973).
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The 226r3 and 228r3 activities of the pore fluids analyzed in this study, ranging
from 0.43x10^ to 28.3x10^ dpm/lCX) L for 226r3 and 0.6x10^ to 24.5x10^ dpm/100 L
for 228Ra, are by far the highest values reported to date for marine sediments. Source(s)
of 226r3 and 228r3 other than from the decay of excess 230m and 2 3 2 ^ jn the
sediments must be involved in the formation of these pore fluids. These pore fluids were
interpreted to represent a mixture of advecting highly saline fluids sourced in the deep
subsurface with seawater on the basis of elemental and isotope chemistry (see Chapter 2).
Therefore, it is reasonable to assume that the anomalously high 226r3 and 228r3
activities in the pore fluids are derived from the deep-seated highly saline formation
waters advecting to the seafloor. This interpretation regarding the source of radium in the
pore fluids is supported by the significant positive relationship between salinity and
226r3 activities observed in our samples which is remarkably similar to that derived for
formation waters produced by onshore and offshore oil and gas rigs, and produced
waters discharged in the nearshore marine habitats (Fig. 4.2).
The enrichment of Ra in the saline waters can be explained by the process of
abundant cations competition with Ra for ion exchange sites and thus a greater portion of
Ra ions remaining in solution (Tanner, 1964). However, the exact source of radium in
highly saline formation waters is still poorly known. For example, on the basis of
radium-salinity relationship in formation waters from the US Gulf Coast region, Kraemer
and Reid (1984) argue that the radium enrichment in these waters is derived from
interaction of the fluids with the reservoir matrix. Specifically, the most likely sources are
the clay minerals and the sand-sized quartz which contain adsorbed U and Th. In contrast,
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Figure 4.2.226Ra_saiinjty relationship in formation waters and discharged
produced waters from the Gulf Coast region. Formation water data (open circles)
are from Kraemer and Reid (1984). Discharged produced waters data (crosses) are
recalculated from Rabalais et al. (1991) assuming that 226Ra activities represent
2/3 of the total radium reported by these authors. Note the overlapping of the pore
fluid data (solid triangles) with the field defined by the formation water.
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Kronfeld et al. (1993, 1995) suggest on the basis of 226r3 anomalies determined in
saline hot springs and borings from the Jordan Rift Valley that high Ra levels in formation
fluids result from leaching of U-rich source rocks. The close association of high
concentrations of Ra with wells developed on the flanks of piercement-type salt domes
found in parts of the Texas Gulf Coast led Cech et al. ( 1988) to speculate that the salt
domes may form a potential Ra source. Due to a scarcity of available geochemical and
subsurface geophysical data in the study area, the source for the Ra in the venting fluids is
presently unknown. However, the presence of shallow salt diapirs under the sampling
areas as identified by high-resolution seismic data (see Chapter 1, Fig. 1.2 and Fig. 1.3),
the high concentrations of Ba, Sr, Ca and Cl in the fluids (see Chapter 2), the existence of
a major uranium deposit associated with the volcanic ash in the Catahoula formation of the
Miocene age in the Gulf of Mexico region (Kier, 1977, Cook, 1980, Cech et al., 1988),
and the observations of gaseous hydrocarbon and fluid venting during submersible
coring, suggest that the high radium levels in the fluids advecting to the sea floor are
likely to be related to a number of factors, including: (i) leaching of salt dome and salt
sheets, (ii) leaching of deep-seated, kerogen-rich source rocks, (iii) desorption from clay
minerals and silicate-rich sands, and (iv) leaching from the uranium deposits. The
interaction of rocks, salt domes, and uranium-bearing deposits as the fluids migrate
through fault conduits has not been well documented in the literature and further study is
needed to better understand the mechanisms controlling the distribution of Ra and
particular the role of salt domes.
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4.4.2 The residence time of the fluids in the sediments
Two time intervals can be discerned concerning the advecting fluids. One is the fluid
traveling time which is the time elapsed since the fluid left the subsurface source until
trapped in the sediment. The other is the residence dme which is the time period since the
fluid was trapped in the sediments until sampled.
The high concentration of 228r 3 (Up to 24.5x10^ dpm/100 L, Table 4.1) in the
pore fluids suggests that the total time including traveling and residence for the fluid must
be less than 20 years. This is because 91% of the 228r 3 wouid have decayed away
within 20 years due to its short half life (5.75 yr.). Because the radium isotope
composition in the subsurface source is unknown, it is impossible to derive the exact fluid
traveling time. However, the fluid residence time in the sediment can be estimated
according to the following equation:

(228Ra/226Ra)t = (228Ra/226Ra)Qe_^t

(1)

where (228Ra/226Ra)t is the measured activity ratio in the fluid (Table 4.1); t is the
residence time of the fluid in the sediments; (228Ra/226Ra)Q is 228Ra/228Ra activity
ratio of the fluid at the time when it was trapped in the sediment; and X is the decay
constant of 2 2 8 r3

= 0.121/yr). In this calculation it is assumed that 2 2 8 r3 decays

exponentially with time but that 226r 3 remains constant due to its long half life (1,600
yr.).
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Assuming the fluid which was trapped in the sediments carried an initial
228Ra/226Ra ratio similar to the fluid which vented on the seafloor to form the earliest
barite chimneys, the initial 228Ra/228Ra activity ratio of the barite chimneys could be
used as (228Ra/226Ra)Q for the fluid in the sediments. The average initial 228Ra/226Ra
activity ratio of chimneys are 1.09±0.07 and 0.71+0.08 for the fluids in Garden Banks
and Mississippi Canyon (see Chapter 6 ), respectively. The pore fluid residence times
calculated by this method range from 0.6 to 2.9 years (Table 4.1). This suggests that fluid
seepage in the study areas is recent. This is consistent with our observation of pervasive
active fluid seepage during the submarine sampling and the dating of barite chimney-age
of < 7 years (see Chapter 6 ).
4.4.3

T he non-conservative behavior of R a d u rin g m ixing

As mentioned above, the pore fluids described here resulted from the mixing of
saline fluids sourced in the deep subsurface with seawater. Therefore, the 2 2 6 r3 ^

4

228r3 concentrations of the pore fluids must be controlled by the proportion of the
venting fluids to that of seawater during the mixing and decay of 226r3 and 228r3 with
time. Since the residence time of the pore fluids in the sediments is estimated to be less
than 3 years (Table 4.1), the effects of radioactive decay on Ra concentration in the pore
fluids, especially for ^

r^

^

negligible. Two positive relationships discerned between

salinity, 226r3 and 228r3 activities graphed in Figure 4.3 indicate that Ra concentrations
in pore fluids are strongly controlled by the proportion of venting fluids to seawater
during the mixing. However, another process of extracting Ra from the fluids must occur
because all pore fluid data fall below the conservative mixing lines (Fig. 4.3). This is
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Figure 4.3. Relationships between 226r 3? 228Ra and salinity in the pore
fluids. Empty circle is GOM bottom water and solid circles are pore fluids.
A: salinity versus 226r 2 B: salinity versus 228r 3 The mixing lines were
obtained byioining the seawater value and the pore fluid with the highest
226Ra or 22oRa values. Because some Ra was consumed during barite
precipitation, the slopes of the apparent mixing lines obtained here are
smaller than the true mixing lines. Note that all the (lata are below the
apparent mixing lines indicating that the 226Ra ^ d 228&a coprecipitated
with Ba during the barite precipitation.
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explained by barite precipitation during the mixing of Ra- and Ba-rich venting fluids with
sulfate-rich sea water. Due to the chemical similarity of Ra and Ba (both belong to group
IIA elements) they commonly coprecipitate during deposition of barite. This interpretation
is supported by the existence of radioactive barite sand in the cores from which the pore
fluids were squeezed. In addition, massive, anomalously radioactive barite deposits
occurred in the sampling areas (see Chapter 6).
4.4.4 The impact of radium-rich venting fluids on the water column and
offshore marine habitats in the G ulf of Mexico
226r 3

228r 3 activities of the saline pore fluids from Garden Banks and

Mississippi Canyon are highly anomalous as they exceed by a factor of 320 to 21,430 and
60 to 250, respectively, the values reported from the Gulf of Mexico ambient deep water.
This observation suggests that radium in the pore fluids venting on the sea floor may
diffuse freely into the water column and may contribute to the reported radium enrichment
in the Gulf of Mexico relative to the inflowing Caribbean Sea waters (Reid, 1979,1984;
Reidet al., 1979; Key, 1981).
The studies conducted by Reid (1979) and Key (1981) have indicated that: (i) the
top 100 m of central Gulf of Mexico waters have a mean specific 226r 3 activity higher by
up to 1.1 dpm/100 L relative to the Caribbean Sea, (ii) the average near-bottom 226Ra for
the Gulf of Mexico (13.2 ±0.2 dpm/100 L) is statistically indistinguishable from
inflowing Caribbean Sea waters (12.3 ±0.8 dpm/100 L), but the detailed analyses hint
that Gulf of Mexico samples might be slightly higher than that of the Caribbean, and (iii)
the increase of 226Ra activity with depth is greater in the Gulf of Mexico than in the
Caribbean Sea. The excess 226r 3 in the Gulf of Mexico was attributed by these authors
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(op. cit.) to either deep (about 600 m) injection of radium produced after the water influx
from the Caribbean Sea, or to the relatively long residence time of deep water in the Gulf
of Mexico allowing for accumulation of radium diffusing upward from the sediment. In a
subsequent time-series study, Reid (1979, 1984) and Reid et al. (1979) also found a
significant increase of both 226r3 and 228rs activities from 1973 to 1976 in the upper
100 m of the Gulf of Mexico (i.e., from 7.2 ±0.7 to 9.1 ±0.7 dpm/100 L for 226 r 3 and
from 5 .1±0.6 to 6.2±0.3 dpm/100 L for 228Ra), that was attributed to radium in the
sediments residing on the northern shelf of the Gulf of Mexico.
The impact of these radium-rich fluids venting on the overlying water column of the
Gulf of Mexico is not presently known due to the difficulty in determining the density of
point sources on the seafloor. However, gullies filled with highly radioactive coarse barite
sediment and occurrence of radium-rich barite chimneys over extensive areas of the slope
suggest that the phenomena is widespread on the sea floor. Therefore, previously
unknown venting of radium-rich fluids on the sea floor may be one of the major factors
controlling the radium budget in both bottom and surface waters of the Gulf of Mexico.
Fluid venting is likely to be periodic and with variable intensity because fault-related vents
are not continually active (Roberts et al., 1990). Hence venting periodicity may have
contributed to the temporal variability of 226rs and 228rs in the near-surface Gulf of
Mexico observed by Reid (1979,1984) and Reid et al. (1979). The impact of the
radioactive fluids on marine habitats is presently unclear. But the observation of extensive
dead fields of methanotrophic mussels surrounding the seeps in Garden Banks block 382
and the presence of mussels engulfed in highly radioactive barite sand suggest that
harmful effects of excessive radioactivity on the benthic fauna are likely. Further
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investigations along the line of this study should be important to the overall assessment of
the radium budget in the Gulf of Mexico in general, and for evaluation of the
environmental impact of natural radium discharges on the offshore habitats in particular.
It needs to be stated that recent studies by Moore (1996, 1997) indicate that
submarine groundwater discharge may be responsible for the 226Ra enrichments to
coastal waters and such fluxes may contribute to the 226Ra jn the global ocean. The
results of this study indicates that the natural discharges of radium through faults
intersecting the seafloor may be another source of 226Ra jn the ocean and further study is
needed.

4.5 CONCLUSIONS
1. 226r3 and 228Ra activities in pore fluids associated with hydrocarbon-rich fluid
venting on the Gulf of Mexico slope are anomalously higher than that of the ambient Gulf
of Mexico deep water by factors of 320 to 21,430 for 226Ra and 23,720 to 545,070 for
228Ra.
2. Strong positive correlations observed between pore fluid salinity and 226Ra and
228Ra activities suggests that the dominant component of the fluid is derived from deepseated formation waters advecting to the sea floor through fault conduits.
3. Enrichment of 226Ra and 228Ra in saline pore fluids is likely related to a number
of processes occurring in the subsurface, including: (i) leaching of salt domes and salt
sheets, (ii) leaching of deep-seated, kerogen-rich source rocks, (iii) desorption from clay
minerals and silicate-rich sands, and (iv) leaching of uranium deposits.
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4. The presence of high 228Ra jn pore fluids indicates that the time elapsed from the
fluid leaving the subsurface source until sampled is less than 20 years. The fluid venting
thus is recent.
5. The new radium source internal to the Gulf of Mexico from natural fluid venting
on the sea floor which was unaccounted during the past, offers an alternative explanation
for the previously reported high levels of 226r &jn the water column of the Gulf
compared to the inflowing Caribbean Sea waters. The venting periodicity may also have
contributed to the temporal variability of 226r&and 228rs jn the near-surface Gulf of
Mexico observed by previous researchers.
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CHAPTER 5

PETROG RAPHY AND GEOCHEM ISTRY O F BARITE D EPOSITS

5.1 INTRODUCTION
Over the past decade, observations from submersibles coupled with laboratory
studies led to the generalization that the chief geologic products of hydrocarbon seepage
on the Gulf of Mexico (GOM) slope are the massive abiotic, chemical, carbonates whose
carbon is derived from microbial breakdown of hydrocarbons under anaerobic conditions
(e.g. Aharon, 1994a; Aharon et al., 1997; Roberts et al., 1990; Roberts and Aharon,
1994). In addition to carbonates, barite deposits consisting of chimneys and crusts
associated with hydrocarbon seeps were discovered during submersible dives undertaken
with the Johnson-Sea-Link (Dive # 3562 and # 3566) on the Gulf of Mexico slope
offshore Louisiana in July of 1993 (Fu et al., 1994; Fu and Aharon, 1997). In this
chapter I report on the petrography and geochemistry of the barites, and draw
comparisons between previously reported marine barites and the GOM barites on the
basis of morphology and elemental chemistry. Most of the data reported here have
already been presented in earlier publications (Fu et al, 1994; Fu and Aharon, 1997).
5.2

G EO LO G ICA L SETTIN G

The barite deposits studied here were discovered in two major lease blocks (Garden
Banks block 382, 27° 37.77* N; 92° 28.08* W, and Mississippi Canyon block 929,
28° 01.46* N; 89° 43.63' W) at water depths of 510 and 640 m, respectively (see
Chapter 1, Fig. 1.1). The two sites are characterized by intensive gaseous hydrocarbon

122
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and fluid mud venting occurring from numerous cone-shaped mud volcanoes.
Subsurface seismic data indicate that shallow salt diapirs are present under the two areas
(see Chapter 1, Fig. 1.2 and Fig. 1.3). Dense communities of methanotrophic mussels
(Bathymodiolus sp.), neritid gastropods and galatheid crabs inhabit the flanks of these
mud volcanoes. Other chemosythetic biota such as tube worms, clams, and Beggiatoa
mats that are common elsewhere on the Gulf of Mexico slope in association with
hydrocarbon seeps (Carney, 1994) are conspicuously absent from these sites. The
chimneys were engulfed in black-colored haloes consisting of fine anoxic sediment.
Profuse trains of gas bubbles venting into the water column were noticed during the
uprooting of the chimneys.
5.3 M ETHODS
The soft and friable chimneys were hardened at room temperature using Araldite
GY-5G6 water insoluble resin. Polished thin sections were made of chimneys and crusts.
Mineral identifications and textural interpretations were made using reflected and
transmitted light microscopes and a JEOL-840 scanning electron microscope (SEM)
equipped with an EDS X-ray and back-scatter electron-detector units. Quantitative
analyses for Ba, Sr, Ca, Na and Fe in barite were performed using an electron
microprobe model JEOL-733, equipped for WDS X-ray spectroscopy. The instrumental
conditions for the duration of the analyses were: 15 KV accelerating voltage, 2 nA beam
current, and 60 second counting intervals. Sulfates and carbonates of known chemical
compositions were used for the purpose of standardization using conventional electron
microprobe techniques. Corrections for matrix effects used in the final computations
followed Bence and Albee (1968).
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5.4 RESULTS
The barite chimneys and crusts were collected during two dives with the
submersible Johnson-Sea-Link. Dive # 3562 occurred on July 19 of 1993 in Mississippi
Canyon block 929. One chimney (Ch#l 1) and two crusts (Cr-93-1-3/1, Cr-93-4-4/1)
were collected during this dive. Dive # 3566 was made on July 20 of 1993 in Garden
Banks block 382. Ten chimneys (Ch#l-10) and four crusts (Cr-93-7-7/1,93-8-5/3,938-7/2 and 93-8-7/3) were taken in this dive.
5.4.1 Morphology, petrography and mineralogy
5.4.1.1 Barite chimneys
The barite chimneys are 5 to 8 cm in diameter and generally exhibit porous and
friable upright columnar structures rising 10 to 30 cm above the seabed (Fig. 5.1 A).
Most chimneys have central orifices up to several centimeters in diameter through which
gas and fluid brines escape into the water column. Some chimneys have one to several
small nodules which protrude laterally. Juvenile Bathvmodiolus sp. mussels were found
attached to the base and side of some chimneys. When sliced, the interiors of the
chimneys exhibit layers which alternate between dark-gray and light (Fig. 5. IB).
Microscopic and SEM analyses reveal that the chimneys consist principally of high
reflectance barite and contain minor amounts of pyrite-like iron sulfide (hereafter named
pyrite), Mg-calcite, kerogen, and iron oxides. Detrital minerals such as quartz, feldspar,
rutile and ilmenite are also present in trace amounts in the fine mud matrix.
The chimney barites display two distinct morphologies that are rarely intermixed: (i)
string-like (Fig. 5.2A), and (ii) dendritic-like (Fig. 5.2B). The string-like barite, up to
1.2 mm in length, forms in association with pyrite the gray-dark (growth) layers
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CENTIM ETERS

Figure 5.1. Barite chimney #2 from the Gulf of Mexico slope. A: Side view of
the brown-redish stained chimney. Note the protruding nodule on the middle left
and the top orifice of the chimney; B: Transverse section through a chimney
showing the alternating dark-gray and light-yellow growth layers.
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Figure 5.2. Distinct morphologies of the barite chimneys displayed
in SEM photomicrographs from thin sections. A: String-like
morphology typical of the dark-gray growth layers; B: Dendritic-like
morphology typical of the light-yellow growth layers.
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whereas dendritic-like barite, ranging in length from 0.2 to 5 mm, forms the light-yellow
(growth) layers which contain little or no pyrite. Growth directions of both
morphological types are often oriented perpendicular to the growth layers of the
chimneys.
Interlocking, spherical to ellipsoidal-shaped rosette barite constitutes the basic
building block of both morphological types. These rosette barites, ranging in size from
20 to 40 pm in diameter, are composed of euhedral to subhedral tabular crystals which
radiate from a central core (Fig. 5.3A). The core, occupying a space equal to between 1/4
to 1/2 of the rosette diameter, is brown to yellow in transmitted light suggesting the
presence of iron oxides and/or organic matter in trace amounts. In cross polarized light,
most rosette barites display pseudo-uniaxial extinction crosses.
SEM examination of polished thin sections reveal that the cores of rosette barites
exhibit a high degree of structural variability. Most rosette barites possess porous cores
which are possibly of a biogenic origin. When these core structures are well-preserved
they have been identified as the relics of coccolith tests replaced by barites. Less
commonly the cores are either empty or are filled by cryptocrytaliine barite, Mg-calcite,
quartz, and feldspar.
A three-dimensional view of the rosette-barite morphology has been obtained horn
examination of chimney fragments under SEM (Fig. 5.3B). In this view, the individual
rosettes display spherical shapes that show a single axial symmetry and multiple tabular
crystals oriented around the central axis. The rosettes are often in contact with each other
and coalesce to form string-like or dendritic-like barites.
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Figure 5.3. Principal building block of the barite in SEM views.
A: Rosette-shaped barite from thin section. Note the pitted nature of
the core; B: Three dimensional view of the rosette from a chimney
fragment.
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Although the overall concentration of pyrite is low (generally 1 to 2% by volume),
it is the next most abundant mineral in the chimneys after the barite. Pyrite grains of
various sizes and shapes often occur in association with string-like barite or in the mud
matrix. It can occur as (i) ovoids of sizes varying from 1 pm to 10 pm (Fig. 5.4A); (ii)
euhedral cubic grains; (iii) anhedral to subhedral grains of up to 20 pm across, and (iv)
framboids varying in diameter up to 15 pm and containing microcrystallites of about 1
pm in diameter (Fig. 5.4B). Some of the framboids exhibit coccolith structures
suggesting that, in addition to barite, coccolith tests may have also been replaced by
pyrite.
Very small (generally < 1% in volume) amounts of accessory minerals such as Mgcalcite, quartz, feldspar, rutile and ilmenite have also been identified by the SEM analysis
in the barite chimneys. These minerals often occur in the mud matrix as anhedral grains
ranging in size from 0.5 to 10 pm.
5.4.1.2 Barite crusts
The barite crusts are 2-10 cm thick occurring either as thin pavements covering the
seafloor or as veneers draping over the flanks of mud volcanoes (Fig. 5.5). The crusts
are porous, friable and loosely cemented. Most crusts display two layers. The upper part
exhibits orange or white color. This surface was partly covered by sediments (fine sand)
before it was retrieved from the seafloor. In contrast, the lower part shows deep-gray to
black and was buried in the black-colored anoxic sediments before sampling.
Microscopic and SEM analyses reveal that the crusts are dominated by barite and calcite
with minor amounts of pyrite and kerogen (Fig. 5.6). The calcite, up to 75% by weight,
exhibits subhedral to euhedral crystals. Generally, the lower deep-gray parts of the crusts

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 5.4. SEM view of the accessory pyrite associated with the
barite chimnesy. A: Core and rime of euhedral pyrite: B: pyrite
framboid containing microcrystallites.
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Figure 5.5. Dormant mud volcano from the Mississippi Canyon block 929 with
orange-white barite crust blanketing its flanks. Note the brine-filled caldera. Field of
view is about 1 m.
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Figure 5.6. SEM view of barite crust (from Mississippi Canyon block 929) in
thin secition. Note the coexisting barite, calcite and pyrite showing a mosaic
interlocking texture.
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contain more calcite than the orange-colored upper parts. Barites in the crusts exhibit fine
grained massive morphology, euhedral crystals, or individual rosette barite. String-like
and dendritic-like barites which are common in the chimneys are rarely found in the
crusts. The barite and calcite in the crust are often interlocked and exhibit a mosaic texture
(Fig. S.6), which indicates that calcite and barite precipitated simultaneously. Pyrite, up
to 8% by volume, often occurs in association with calcite as ovoids, anhedral to euhedral
cubic grains and framboids (Fig. 5.6).
5.4.2

Chemical Composition of the Barite

Representative electron microprobe analyses of Ba, Sr, Ca, Na, and Fe in the barite
chimneys and crusts are listed in Table 5.1. The Sr concentration ranges from 4.0 to 29.6
mol% (mean of 15.5 mol% ± 6.5 for n= 10) and 3.9 to 17.6 mol% (mean of 10.7 mol%
± 5.1 for n= 10) for chimneys and crusts, respectively, making Sr the most abundant
minor element. The observed relative high abundance of Sr replacing Ba in the barite
lattice can be attributed to their nearly matching ionic radii (1.18 A for Sr2+ and 1.34 A
for Ba2+). The Ca content ranges from 1.3 to 4.6 mol% (mean of 2.8 mol% ± 1.3 for n=
10) for the chimneys and from 1.2 to 5.3 mol% (mean of 3.0 mol% ± 1.2 for n= 10) for
the crusts. The positive correlation observed between Ca and Sr contents (Fig. 5.7A) and
the inverse linear relationship observed between Sr and Ba (Fig. 5.7B) in the GOM
barites support our inference that Sr and Ca are isomorphically replacing Ba in the lattice
and do not form separate mineral phases.
The Na content in the barite is also relatively high, ranging from 1.1 to 3.2 mol%
(mean of 1.9 mol% ± 0.6 for n= 10, Table 1) for the chimneys and from 1.1 to 6.9
mol% (mean of 3.65 mol% ± 2.4 for n= 10, Table 1) for the crusts. However, at present
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it is uncertain whether Na replaces Ba in the barite lattice or forms a separate authigenic
mineral phase. In contrast to the other chemical elements reported here, the Fe content in
the barites is relatively low, ranging from 0 to 0.7 mol% (mean of 0.3 mol% ± 0.22 for
n=10, Table 1) for the chimneys and 0 to 0.3 mol% (mean of 0.2 mol% ± 0.1 for n=10,
Table 1) for the crusts. High Fe contents, of up to 22 mol%, were generally found in the
center core of a rosette barites in the chimneys. However, the poor stoichiometry of the
analyses with higher Fe contents suggest that the anomalously high Fe may have been
caused by the presence of iron oxides. This inference is consistent with the observation
that most cores of rosette barite show a brownish color under optical microscope. The
above results indicate that the geochemistry of chimneys is similar to that of the crusts.
5.4.3

Chem ical zoning of the b arite

Backscatter images taken with the electron microprobe show that most barite
crystals in both chimneys and crusts, especially those lining pores and voids, exhibit
rhythmic alternations between light (high atomic number) and dark (low atomic number)
microscopic bands (Fig. 5.8). Electron microprobe traverses across these bands indicate
that the dark bands are enriched in Sr and Ca relative to the light bands and the
concentrations of Sr and Ca can vary from 4.6 to 22.7 mol% and from 1.8 to 5.1 mol%,
respectively, over a 76 |im interval (Fig. 5.9). The high variability observed for these
elements over such short distances also explains the relatively high standard deviations of
the means reported in the preceding section.
5.5

D ISCU SSIO N

The barite chimneys and crusts described in the preceding sections were sampled on
the Gulf o f Mexico slope at 510 and 640 m water depth where the ambient bottom water
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Figure 5.8. Backscatter image of a barite from chimney# 2. Note the
alternating dark and light microscopic layers caused by differences in atomic
numbers (see text). The microprobe traverse (P-F) is indicated by the heavy
line (76 (lm long).
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Figure 5.9. Chemical zoning of the barite along the 76 pm long traverse shown
in Fig. 5.8. Note the variations in the element concentrations corresponding to
the alternating microscopic layers.
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temperature and salinity are about 8.6 °C and 35.1°/oo, respectively, and where
hydrocarbon-rich fluid venting is pervasive. A comparison based on elemental chemistry
between these GOM barites and previously described barites from contrasting marine and
continental depositional environments may shed some light on the factor/s controlling
barite deposition in general, and in the Gulf of Mexico specifically.
The diverse morphology of barites from distinct depositional environments has
been noticed by previous investigators. For example, Peter and Scott (1988) documented
rosette barites from recent submarine hydrothermal deposits in the Guaymas basin.
Others (e.g., Bogoch and Shirav, 1978; Graber, 1988) reported the presence of rosette
and dendritic barites in marine sediments. By comparison with the previous reports, the
GOM barite chimneys have a more complex morphology which can be summarized along
the following lines (i) the basic building block is the rosette which is assembled in
dendritic and string-like morphologies; (ii) the dendritic and string assemblages alternate
between the growth layers of the chimneys, and (iii) a relationship between the
morphology of barite and the abundance of pyrite can be discerned whereby the stringdominated growth layers are more enriched in pyrite relative to the dendritic ones. The
factors controlling the specific morphology of the GOM barite are presently unknown but
recent experimental work by Shikazono (1994) seems to suggest that morphology in
general is controlled by the degree of the fluid supersaturation to barite.
Starke (quoted in Malinin and Urusov, 1984) reported that Sr content of natural
barite normally ranges between 0.1 to 3 mol% and concentration levels above S mol% are
relatively rare. Church (1970) analyzed Sr in barites from contrasting continental and
marine environments and found that their Sr content, ranging from 0.2 to 3.4 mol%, are
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overlapping. The Sr content of barite formed in hydrothermal veins and submarine
hydrothermal venting sites (Hofmann and Baumann, 1984; Kalogeropoulos and
Mitropoulos, 1983; Hannington and Scott, 1988; Bertine and Keene, 1975) ranges from
0.87 to 4.20 mol%, and is remarkably close to that of continental and marine barites. On
the basis of a large number of marine and continental barites, Church (1970) reported that
their Ca concentration was low, ranging between 0.01 and 0.1 mol%. Hanor’s (1966)
study also demonstrated that Ca concentration of barite is consistently low, generally less
than 0.01 mol%. Therefore, compared with barites from hydrothermal, marine and
continental settings, the GOM barites are enriched in Sr and Ca by a factor of about 15
and 28, respectively (Fig. 5.10).
Chemical zonation of Sr in barite has been studied by several authors (Campbell,
1959; Hanor, 1966; Morrow et al., 1978; Kalogeropoulos and Mitropoulos, 1983;
Hannington and Scott, 1988). In these studies, one to several mol% Sr variations were
recorded over several millimeters interval. The variation trends showed either systematic
increases or decreases along the barite crystal growth direction. Compared to previous
studies, the chemical zoning of the GOM barites has the following characteristics: (i) the
variability of the Sr content at the microscopic scale is much higher than previously
reported as we observed variations of up to 18.1 mol% over a distance of 76 pm (Fig.
5.9 B); (ii) the Ca content shows variations that are in phase with that of Sr (Fig. 5.9 C),
and (iii) the chemical zoning alternates episodically along the crystal growth direction
(Figs. 5.8 and 5.9).
The questions that need to be answered in regard to the origin of the GOM barites
are related to: (1) the source(s) of Ba, Sr, Ca, and SO4 ; (2) the age and accretion rates of
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the barites; (3) the cause(s) of chemical zonations documented in the barite crystals; (4)
the factors controlling the morphological diversity of the barites; and (5) the temperature
of deposition. The first two questions will be considered in chapter six and seven,
respectively. The following discussion will concentrate on the remaining three questions.
The unique morphology of the barite may be controlled by the degree of fluid
supersaturation. Recent experimental data indicate that dendritic-shaped barite precipitates
from aqueous solutions with high degrees of supersaturation (Shikazono, 1994).
Because both the water columns and the bottom waters of the modem oceans are
normally undersaturated with respect to barite (Church and Wolgemuth, 1972), it follows
that the GOM barites must precipitate from supersaturated fluids whose source is
extraneous to the Gulf of Mexico waters. As will be shown in chapter 7, the GOM barites
formed by mixing of sulfate-rich seawater with Ba, Sr, and Ca-rich formation fluids
advecting with the hydrocarbons. The chimneys formed at or above the sediment/water
interface whereas the crusts formed below the sediment/water interface. The crusts
precipitated from a pool of sulfate consumed by sulfate-reducing bacteria in a closed or
semi-closed system. The alternation of string-like and dendritic-like barite morphologies
in the chimneys may have resulted from the variation of the degree of supersatuarion of
the fluids which was related to the fluids seeping rate. Since the hydrocarbon seeps in the
Gulf of Mexico are not part of a continuum but function periodically and with varied
intensities because fault-related seeps are not continually active (Roberts et al., 1990), it
is reasonable to suggest that the dendritic-like growth layers formed during periods of
high rate seepage supplying more Ba, Sr and Ca with the venting fluids and resulting in
fluids highly supersaturated relative to barite. In contrast, the string-like barite may have
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formed during periods of relative low seepage rate. Thus, the distinct morphologies of
barites occurring in alternating growth increments are likely to record the hydrocarbon
venting history. Also, the chemical zoning in the barite crystals are most likely controlled
by the variable Sr/Ba and Ca/Ba ratios of the fluids and these ratios may vary in response
to shifts in the venting rates. Because the pore fluids in the sediments contain less sulfate
than the seawater due to the sulfate reduction, the degree of fluid supersaturation for the
formation of crusts was probably lower than those for the formation of chimneys. This
may explain why string-like and dendritic-like barites which are common in the chimneys
are rarely found in the crusts.
Strontium enrichments in barite crystals have been attributed to either an increase of
temperature (Church, 1970) or changes in the flow rate of the mineralizing fluids relative
to the growth rate of barite (Morrow et al., 1978). As barite starts precipitating (closed
system assumption), the Sr/Ba ratio of the fluid would increase because the solid barite
removes more Ba than Sr per unit volume. Consequently, late barites tend to be enriched
in Sr relative to early phases. Conversely, the overall decrease of Sr in barite was
attributed to a decline in the temperature of the depositional environment and/or a decrease
in the Sr/Ba ratio of the fluid reservoir from which barite is being precipitated (Hanor,
1966).
Concerning the GOM barite chimneys, the temperature factor seems to be less
important in controlling the chemical zonations shown in Figure 5.9 because the
observations suggest relatively cold (8.6 °C) and practically invariable bottom water
temperatures. A highly variable Sr/Ba ratio of the fluid (and probably highly variable
Ca/Ba ratios as well) may be the primary controlling factor of the observed chemical
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zoning and it is probable that these ratios may vary in response to shifts in the venting
rates.
5.6 CO NCLUSIONS
1. The GOM barites associated with hydrocarbon seeps consist of chimneys and
crusts. The chimneys are dominated by barites whereas the crusts are composed of barite
coexisting with calcite.
2. The chimneys display distinct string-like and dendritic-like morphologies which
are controlled, at least in part, by the fluid seeping rates. Barites in the crusts generally
exhibit fine-grained massive morphology or euhedral crystals which may have
precipitated from fluids with relatively lower degree of supersaturation than that for the
formation of chimneys due to less sulfate in the pore fluids relative to seawater resulting
from microbial sulfate reduction.
3. Both chimneys and crusts are anomalously enriched in Sr and Ca compared with
barites from hydrothermal and normal marine settings. Most barites exhibit rhythmic,
microscopic chemical zoning which may result from rapid changes in the Sr/Ba and
Ca/Ba ratios in the venting fluids.
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CHAPTER 6

RADIOISOTOPES AND AGE DETERMINATIONS OF THE BARITES

6.1 INTRODUCTION
During the past decade, pervasive hydrocarbon seeps have been documented in the
Gulf of Mexico. The chronology of such hydrocarbon seep deposits may help in the
evaluation of the importance and frequency of hydrocarbon seepage. Therefore,
determining the ages and growth rates of the barite deposits associated with hydrocarbon
seeps is of great value for constructing the hydrocarbon seep history.
In the ocean, the main tools for chronology are based on the disequilibrium in the
uranium and thorium isotope series (Figure 6.1). Several radioactive isotope dating
methods have been utilized for age assessment of hydrothermal vent and hydrocarbon
seep deposits. For example, Lalou et al. (1982, 1985) applied 230rh/234u chronometer
to date the sulfide deposits occurring in the mid-oceanic hydrothermal vents. The same
method was applied by Aharon et al. ( 1997b) to determine the ages of hydrocarbonderived carbonates and the carbonate shells in the Gulf of Mexico. However, this and
similar methodologies which utilize 230ph/238u ratios lack applicability to geological
deposits less than 1,000 years old due to the long half life of 230rh (75,200 yr).
Several short-term dating methods utilizing short-lived decay products of the
uranium and thorium isotope series have been applied to the age determination of
hydrothermal deposits. For example, ages of hydrothermal sulfides based on 2 10pb/Pb
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ratios have been reported (Finkel et al., 1980; Lalou et al., 1985; Kadko et al, 1986;
Lalou and Brichet, 1987). The principle of this method is that 210pb is included in the
sulfide but not its parent, 226pa 210pb decreases with a half-life of 22.5 years and the
ratio 210pb/Pb decreases with time. To apply this method, it is necessary to know the
initial 210pb/pb ratio. This technique is effective for older samples (> 15 yrs) but
inaccurate for young samples (< 15 yrs) due to relatively long half life of 210pb. The
activity ratio of 228pa/226pa has also been used to estimate the ages of sulfide deposits
in hydrothermal vents (Lalou and Brichet, 1982; Reyes, 1993). The method is based on
the fact that 228pa (half life of 5.75 yrs) decays fast with time, but 226pa, due to its long
half life (1,620 years), is assumed to have remained constant in the short life of the
samples. The problem for this technique is to know exactly the initial value of the
228pa/226pa of the fluids from which the minerals precipitated. However, the initial
228Ra/226pa Qften fluctuates during the life span of the fluids. Presently the most
accurate and reliable method for dating deposits less than 20 years old is the
228Th/228pa. Turekian et al. (1979) were first to use the 228jh/228pa method to
determine the growth rate of clams in hydrothermal vents. Later, Turekian and Cochran
(1986) showed how the initial 228xh/228pa 0f the clams could be used to estimate
residence times of radium-bearing vent fluids. Subsequently, the method was effectively
used by many researchers for dating the hydrothermal deposits from deep-sea spreading
centers (Lalou & Brichet, 1982, 1987; Grasty et al., 1988; Moore and Stakes, 1990;
Reyes, 1993; Reyes et al., 1995). Because the half life of 228jh is 1.91 years, this
method is limited to date samples less than 15 years.
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Barite deposits including chimneys and crusts associated with hydrocarbon seeps in
the Gulf of Mexico were examined with a portable gamma-ray detector (|iR meter) which
showed that they were unusually radioactive. These initial radioactivity measurements led
to a more detailed gamma-ray spectrometric investigation which revealed that 2 2 6 ^ and
228Ra were unsupported by their parents 238y an(j 2327^ and can be considered
orphans. The apparent ages of the barite samples, therefore, can be determined using the
Ra decay series isotopes. In this chapter I report and discuss the ages and growth rates of
these barite deposits using 228jj1/228Ra ancj 210pb/226Ra dating techniques. Some of
the results shown here have already been published in a previous publication (Van Gent et
al, 1996).
6.2 PRIN CIPLES O F DATING M ETHODS
The nuclides used for dating barites are 228R3j 226Ra> 2 2 8 jb and 210pb> which
are radioactive daughters of the two naturally occurring nuclides 238u and 2 3 2 jb (Fig
6.1). Because Ra and Ba are chemically similar (both occupy the same column in the
periodic table), Ra commonly coprecipitates with Ba during the precipitation of barites.
Subsequently, both 226Ra and 228Ra< Uptaken by the barites, decay with time as
follows:
a
a
p
|3
226R a ------------- > 222R n --------->.. 214pb ----------- >.. 210pb -------- >.. 206pb
1.62xl03y

3.82d

26.8min

22.3y

|3
P
a
a
P
228R a ------> 228A c
> 228T h ------>...220R n ------>.. 212pb ----->.. 208pb
5.75y
6.l3h
l.9 ly
55.6s
10.6h
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Since the longest-lived daughters of 226pa an(j 228r 3 decay series are 210pb and
228xh, respectively, 210pb and 228xh will accumulate with time. Therefore, the
2l0pb/226pa and 228jb/228pa jn the barites can be used for age determinations.
6.2.1

228T h /228Ra m ethod

The 228jh/228pa method is based on the incorporation o f 228Ra into the barite,
where it decays to 228Th. The 228Th/228Ra present in the barite is dictated by the decay
rates of these two isotopes and the time elapsed since 228Ra was incorporated. Therefore
the age of the barite can be determined according to the following equadon:

(A228Th)/(A228Ra) = [A.228xh^228xh - ^228Ra)][l-exp(^228Ra - ^228Th>t]

where A228Ra an£l A228Th ^

0)

measured acdvides of 228Ra and 228Th,

respectively; t is the age of the sample in years; and A.228Ra and ^228xh ^

decay

constants for 228r 3 and 228xh, respectively. The half lives of 228Ra and 228Th are
5.75 and 1.91 years (Broecker and Peng, 1982) and these translate to decay constants of
0.1205 y r 1 for A>228Ra and 0.3628 y r 1 for ^228xh’ respectively.
Because the half lives of both the parent (228Ra) ^ d daughter (228Th) are
comparable, the 228Th/228Ra will first reach transient equilibrium (a ratio of 1) and will
increase to approach a constant value with time. As shown in Figure 6.2, this constant
value will reach 1.5 after 15 years. Therefore, the useful range of the 228xh/228Ra dating
method does not exceed 15 years.
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The successful application of the 228Th/228Ra method depends upon the following
assumptions: (1) the 228r u must be orphan, namely no parents of 228r 3 exjst in the
barite, (2) there must be no initial 2 2 8 ^ jn the barite, and (3) the system must have
remained closed with respect to both 228Ra ancj 228jh. As will be seen in the discussion
section, all these assumptions have been validated for the Gulf of Mexico barites.
6 .2.2 210Pb/2 2 6 Ra method
Since the useful range for 228jh/228Ra method is less than 15 years, 210pb/226Ra
method was applied to date the samples older than 15 years. This technique uses the
ingrowth of the 210pb which is a decay product o f2 2 6 rs jn the barite. The technique
mimics the 228rfh/228Ra method and can be described by the following equation:

(A210pb)/(A226Ra) = [(*-210pb)/(^210pb - ^226Ra)][ l' exP(^226Ra - talO pbM

(2)

where, A226Ra and A2 lOpb are the activities of 226Ra and 210pb, respectively; t is the
age of the sample in years; and X,226Ra and X.210pb 31-6 the decay constants for 226r s
and 210pb, respectively. The half lives of 226Ra and 2 lOpb are 1,620 and 22.3 years,
respectively (Broecker and Peng, 1982) and these translate to decay constants of
4.28xl0‘4y r 1 and 3.1 lx l0 _2y r l, respectively.
Because the half life of 226r u js sufficiently greater than that of 2 lOpb, the parent
(226Ra) joes not appreciably decays during the period of ingrowth of the daughter
(2 lOpb). The 2 10pb/226Ra win then approach a secular equilibrium (a ratio of 1) at about
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120 years (Fig. 6.3), which is the upper age limit of the technique. This technique is
therefore used for dating barite younger than 100 years.
Similar assumptions as for the 228jh/228Ra method apply here, namely: (1) the
226r s must be orphan, (2) there must be no initial 2 lOpb jn the barite, and (3) the system
must have remained closed with respect to 226pa and 210pb. As discussed later, all these
assumptions are satisfied for the Gulf of Mexico barites.
6.3 M ETHODS
6.3.1 Sam ple p rep aratio n s
The samples used for dating are barite chimneys and barite crusts associated with
hydrocarbon seeps in the Gulf of Mexico. Whereas the barite chimneys are dominated by
barite (>95% by volume), the crusts are composed of barite coexisting with various
amounts of carbonate and sulfide. Three types of samples (raw barite sample, pure barite
and hardened chimney sample) were analyzed in this study.
For the raw barite samples, the original barite chimney and crust fragments were air
dried. Then, about 30 gm sample was taken from each fragment and ground to a fine
powder.
Pure barite was also prepared for each raw sample by chemical removal of
carbonates, organic matter and sulfides using methods modified from Church (1970) and
Cecile (1983). Purification of a I gm sample was carried out by mixing it with 60 ml of
6N double-distilled HC1 and gently heated for 4 hr. This step removes carbonates (calcite,
aragonite and dolomite) and iron oxide. The sample is then thoroughly washed
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by centrifugation to remove all leachate. Immediately following this step, the sample is
treated with warm (about 50°C) sodium hypochlorite (slightly acidified with HC1 to
produce Cl2 gas) for 4 hours which removes the organic matter and oxidizes the fine
sulfides to iron oxides. Next, the residue is washed and then leached with 0.02 M
hydroxylamine hydrochloride in 25% acetic acid in order to remove transition metal
oxyhydroxides. Finally, the residue is again reacted with 6 N double-distilled HC1 and
heated gently for 4 hr to remove any Fe2 0 3 produced during the oxidation step. After this
final step, the purified barite is dried and is ready for analysis.
Because of their friable nature, most chimneys were hardened at room temperature
using Araldite GY-506 water-insoluble resin to preserve their morphologies. Continuous
suites of subsamples were sectioned from the base to the top of the hardened chimneys at
intervals of 2 to 3 cm and each subsample, herein called hardened chimney sample, was
also subjected to nuclide analysis.
In order to check the effects of sulfides on the age determination, sulfide
concentrations of the chimneys and crusts were determined. Na2 C 0

3

was used to

dissolve barite and then 2N HC1 acid was used to dissolve the carbonates. The residues
are dominated by organic matter, sulfides and detrital minerals. The amount of organic
matter in the barites was estimated by combustion of the residue and measuring the C02
pressure. Since the SEM (scanning electron microscopy) and microscope analyses reveal
that the chimneys and crusts contain only a negligible amount of detrital minerals (<1% by
volume), the sulfide concentrations were roughly estimated by subtracting the organic
matter from the residue after Na2C03 and HC1 treatment.
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6.3.2 Instrumentation and analytical methods
All the samples were nondestructively analyzed by using a high purity intrinsic
germanium gamma detector (HPGe) to quantify the activities of the radionuclides
occurring in the barites. The detector consists of a 98 cm^ coaxial intrinsic germanium
crystal with a 1 cm in diameter and 4 cm long well. The detector was coupled with a 8192
multiple channel analyzer (Ortec Buffer card). The resolution is 2.1 keV at 1332 keV.
For raw and pure barite samples, about 1 gm subsample powders were spread out
evenly over a filter paper and made to conform as nearly as possible to the original mixed
gamma planar geometry. The filter paper was placed on the detector head inside the
shielding assembly. The hardened chimney samples (about 3x5 cm) were put in a plastic
bag and placed with the bag directly on the spectrometer window. For all types of
samples, gamma spectra were allowed to collect for up to 300,000 seconds.
The gamma ray from the decay of 212pb at 300.09 keV was used as a proxy
nuclide to calculate the activity of 228m . To obtain the activity of 228pa? the peak at
911.21 keV from 228Ac was usecj Likewise, the 226^a activity was calculated by using
the energy at 351.92 keV from the decay of 214pb. This is because these daughters
(212pb, 228Ac and 214pb) are in secular equilibrium with their parents (228m , 228Ra
and 226RaL therefore, AD (activity of daughter) is equal to AP (activity of parent).
2 10pb activity was directly measured from its 46.52 keV gamma ray peak.
Gamma spectra collected from the samples were subjected to an analysis scheme
which allowed quantification of 214pb (proxy for 226r 3)5210pb) 228ac (proxy for
228Ra)? and 212pb (proxy for 228m ). GammaVisionR Software by Ortec was utilized
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for peak search, identification, and quantification of the radionuclides. Nuclide libraries
were created and optimized for accurate quantification of the isotopes by minimization of
the possibility of interfering peaks. Since the 226r a series is pervasive throughout nature,
a 300,000 sec background (bare detector) count was stripped from each spectrum prior to
analysis.
Each spectrum was subjected to an internal energy calibration secondary to that
based on the mixed gamma standard. After peak search and identification of primary
gamma peaks based on the energy calibration obtained from the mixed gamma standard
were achieved, a range of peaks from naturally occurring radioisotopes inherent to the
counting system shielding was used to obtain a customized energy calibration for each
spectrum. This methodology significantly improved quantitative results since peak fitting
algorithms are greatly dependent on the accuracy of the internal energy calibration. This
technique is extremely useful for correcdng minor energy calibration drift during long
counting periods.
Potential problems such as self-absorption of the gamma rays by the sample were
obviated by utilizing an "infinitely thin" planar counting geometry. This was
accomplished by carrying out an efficiency calibration using a mixed gamma standard in
the form of 1.0 gm of sandy loam. The sandy loam mixed gamma standard was spread
out in a 4.5 cm diameter Whatman filter paper to a linear thickness less than 2 mm. The
filter paper with mixed gamma standard was placed on the center of the detector head, and
counted for 1 hour. The net area under 15 primary gamma and X-ray peaks was used to
calculate fractional efficiency. The 15 peak centroid positions were used to calibrate the
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counting system at corresponding energies ranging from 31.o keV to 1836.1 keV.
Fractional efficiency was calculated by dividing net counts per second under each primary
gamma peak by the absolute number of gamma photons emitted per second by the
corresponding radionuclide. A continuous energy vs. efficiency function was derived by
fitting a 5th order polynomial equation to the 15 data points obtained from the 1 hour
count of the mixed gamma standard. The total uncertainty of the fit was 2.18%. This
function was subsequently utilized to quantify gamma emitting radionuclides endogenous
to 1 gm subsamples of barites.
Uranium and thorium ore reference materials (LSUOl (U) and LSU02 (Th)) were
also measured for comparison. A 1.0 gm sample of uranium ore standard was ground to a
fine powder and used for quality assurance of the analysis scheme. The 210pb/226Ra for
the ore standard as determined by the counting system and analysis scheme was not
significantly different from 1.0 at the 95% confidence level throughout the experiment.
This provided validation of the technical methodology.
6.4 RESULTS
The radioactivities and ages obtained from barite chimneys and crusts are shown in
Tables 6.1,6.2, and 6.3. All errors reported here are at the 95% confidence level (2 a,
see appendix C for error calculation). Table 6.1 lists the results of the chimney fragments,
Table 6.2 lists the results of the hardened chimneys, and Table 6.3 lists the results of the
crusts. The radioactivity unit used here is dpm/g, in which dpm stands for disintegration
per minute.
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Table 6.1. Activities and ages of barite chimneys.
S am p le

S a m p le

'" P b

“

“ m

r.

M e asu red
"•p b ^ R .

ty p e

d p m /k

d p m /g

Chimneys from Groden Banks block 382
Ch*2-a
R
144
1088
Ch»2-a
P
1452
113
Ch»2-b
R
102
1310
Ch#2-b
P
71
1184
Ch#9-T/a
R
191
1305
Ch*9-T/a
P
170
1279
Ch*9-M/a
R
141
1178
Ch*9-M/a
P
133
1246
Ch#9-B/a
R
175
1401
Ch*9-B/a
P
115
1339
Ch»9T/b
R
1208
151
Ch#9-T/b
141
1229
P
Ch#9-M/b
R
153
1275
Ch*9-M/b
1346
P
118
Ch«9B/b
R
122
1170
Ch«9B/b
116
1174
P
ChblO-T/a
R
52
1236
Ch#IO-T/a
P
44
1125
1410
ChVIO-M/a
R
136
ChVIO-Mfa
P
121
1332
Ch#IO-B/a
1086
R
104
Ch#IO-B/a
P
1250
73
Ch*IO-T/b
159
R
1307
ChKIO-T/b
156
P
1345
ChMO-M/b
150
R
1171
CM10-MA)
P
147
1211
Ch«IO-B/b
R
167
1297
Ch#IO-B/b
P
160
1302

“

n A

.

d p m /g

d p m /g

643
819
726
624
848
778
739
769
876
789
749
707
818
788
756
708
784
649
856
754
687
709
854
784
752
680
980
819

774
1135
760
690
906
842
791
820
838
765
755
708
847
822
772
739
1044
876
1168
1041
832
967
873
793
728
669
908
755

0.13310.032
0.07910.058
0.07910.032
0.06110.010
0.14610.041
0.13310.032
0.12010.029
0.12310.038
0.12510.027
0.08610.041
0.12510.032
0.11510.031
0.12010.028
0.08810.037
0.10510.039
0.09910.012
0.04210.039
0.04010.045
0.09710.036
0.09210.036
0.09710.045
0.05910.039
0.12210.038
0.11610.032
0.12810.012
0.12110.039
0.12910.041
0.12310.043

0.83110.00!
0.72210.006
0.95610.004
0.90410.006
0.93610.005
0.92410.003
0.93510.006
0.93710.004
1.04510.005
1.03210.005
0.99310.004
0.99810.004
0.96610.006
0.95810.006
0.97910.005
0.95810.003
0.75010.003
0.74110.004
0.73310.002
0.72410.003
0.82610.001
0.73310.001
0.97810.002
0.98810.001
1.03410.001
1.01710.002
1.07910.001
1.08610.003

1112
1680
819
1011

0.09410.031
0.08910.032
0 16310.036
0.15210.032

1.02010.002
0.99410.003
1.28110.002
1.27310.002

Chimneys from Mississippi Canyon block 929
CMMI-F/1
R
229
2464
1134
C h#ll-F /I
P
348
3945
1670
C h#ll-F/2
R
2769
1049
451
C h#ll-F/2
P
562
1286
3697

“W * R a

2,W

“ Ra

S a m p lin g
2 ,W

“

r.

M easu red
“W

* iu

S a m p lin g
“W

“

r.

In itia l
“ W

“

r.

a g e (y r )

a g e (y r)

a g e iy r )

a g e ly r )

r a tio

0.71810.001
0.78910.001
0.58610.001
0.58810.001
0.69410.002
0.65810.001
0.67210.002
0.65810.001
0.59810.002
0.57110.001
0.62410.001
0.57610.002
0.66410.001
0.61110.001
0.66610.001
0.63510.001
0.85310.001
0.78510.002
0.83610.001
0.78810.001
0.77410.002
0.78110.001
0.66810.001
0.59010.001
0.62110.003
0.55210.002
0.70010.00!
0.58010.003

4.60112.388
2.63614.066
2.63012.254
2.01312.292
5.07513.084
4.58212.376
4.12412.116
4.21712.786
4.29411.980
2.87512.878
4.28512.350
3.92112.258
4.11412.040
2.97912.604
3.56811.398
3.37011.500
1.38711.335
1.31011.186
3.10211.281
3.23211.273
3.27111.599
1.95611.354
4.19212.810
3.95312.328
4.38513.106
4.12812.850
4.42413.038
4.20613.302

2.51812.388
0.55314.066
0.54712.254
•0.07012.292
1.96513.084
1.47212.376
1.01412.116
1.10712.786
0.99411.980
•0.42512.878
0.98512.350
0.62112.258
1.03412.040
-0.10112.604
1.48511.398
1.28711.500
-0.69611.335
-0.77311.186
1.20911.281
1.01911.273
1.18811.599
-0.12711.354
0.97212.810
0.73312.328
1.16513.106
0.97812.850
1.27413.038
1.05613.302

3.34110.056
2.71610.064
4.19610.066
3.82110.076
4.05210.080
3.96310.070
4.04110.091
4.05410062
4.94210.094
4.82510.091
4.49310.066
4.53410.072
4.28010.084
4.21210.094
4.37610074
4.21710.081
2.87110.032
2.81910.042
2.77710.026
2.72910.034
3.30910.018
2.77610.012
4.37210.036
4.45110.018
4.84310.018
4.69110.036
5.26510.021
5.33010.062

1.25810.056
0.93310.064
2.11310.066
1.93810.076
0.94210.080
0.85310.070
0.93110.091
0.94410.062
1.64210.094
1.52510.091
1.19310.066
1.23410.072
1.20010.084
1.13210.094
2.29310.074
2.13410.081
0.71810.032
0.66610.042
0.69410.026
0.64610.034
1.22610.018
0.99610.012
1.15210.036
1.25010.018
1.62310.018
1.54110.036
2.11510.021
2.18010.062

1.07410.017
1.09410.020
0.97110.019
0.93310.020
1.13110.028
I.O6I10O2I
1.09310.031
1.07310.019
1.08510.032
1.02110.026
1.07310.020
0.99510.024
1.11210.026
1.01510.026
1.12910.025
1.05610.024
1.20510.012
1.10310.017
1.16910.010
1.09510.012
1.12310.011
1.09110.006
1.13210.013
1.01110.008
1.11410.016
0.97210.015
1.32110.027
1.10210.078

0.45610.001
0.43010.001
0.29610.002
0.27310.001

3.16711.101
3.00011.131
5.70412.764
5.31112.400

1.08411.101
0.91711.131
2.45412.764
2.06112.400

4.71610.028
4.50110.044
7.99110.084
7.84110.074

2.6331O.028
2.41810.044
4.74110.084
4.56410.074

0.80410.028
0.72910.009
0.77510.026
0.70110.018

Note: R = row samples.
P = pure barite.
Measured age is obtained by the mesured isotope ratio.
Sampling age = ages corrected to the time of sample collection.
Error = 2o.
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Table 6.2 Ages of hardened chimneys.
Measured

Sampling

Initial

228Th/228Ra
age (yr)

228Th/228Ra
age (yr)

228Ra/226Ra

4.64410.035
4.32210.008
4.10310.018
3.99210.006
3.84810.008

2.47710.035
2.15410.008
1.93610.018
1.77810.006
1.62310.008

1.02210.012
1.12710.006
1.10810.008
1.14110.005
1.08710.005

0.57810.001
0.57710.002
0.61110.001
0.73110.001
0.79010.001
0.80310.002
0.82610.001

4.52310.016
4.11010.010
3.74110.011
3.32310.012
3.28710.010
3.07310.008
2.83210.016

2.10610.016
1.69310.010
1.32410.011
0.90610.012
0.77010.010
0.65610.008
0.41510.016

0.99710.007
0.94710.020
0.95910.008
1.09110.006
1.17310.006
1.16310.007
1.16210.007

Chimney from Mississippi Canyon block 929
Ch#l 1-1
1.35710.004
0.18610.001
Ch#l 1-2
1.31210.001
0.24110.001
Ch#l 1-3
1.28110.002
0.23610.001
Ch#l 1-4
1.25710.002
0.31210.002
Ch#l 1-5
1.24410.001
0.32210.001

9.77510.232
8.61910.018
7.98310.018
7.54710.010
7.33010.004

6.44210.232
5.28610.018
4.65010.018
4.21410.010
3.99710.004

0.60510.040
0.68110.009
0.61710.008
0.77510.012
0.77910.006

Sample

22®Th/228Ra

228Ra/226Ra

Chimney from Garden Banks block 382
Ch#6-1
1.011±0.002
0.58410.001
0.972±0.001
Ch#6-2
0.68110.001
Ch#6-3
0.943±0.001
0.67610.001
Ch#6-4
0.928±0.002
0.70510.001
Ch#6-5
0.90810.001
0.68410.001
Ch#8-1
Ch#8-2
Ch#8-3
Ch#8-4
Ch#8-5
Ch#8-6
Ch#8-7

0.99710.001
0.94410.001
0.82910.002
0.82810.001
0.82210.001
0.78610.001
0.74310.001

Notes: Measured age is based on the direct measurement data which represents the age from the formation of barite to the time
of dating. Sampling age is corrected to the time of sample collection (July, 1993).
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Table 6.3. Activities and ages of barite crusts.
Sample

Sample

2,°Pb

224Ra

“ “Th

^R a

Measured
2" W “ Ra

name

type

dpm/g

dpm/g

Barite crusts from Garden Banks block 382
Cr-93-7-7/1
R
553
887
Cr-93-7-7/1
P
476
1352
Cr-93-8-5/3/u
R
1165
1475
Cr-93-8-5/3/u
P
816
1545
Cr-93-8-5/3/1
862
R
1381
Cr-93-8-5/3/1
761
P
1502
Cr-93-8-7/2/u
R
511
672
Cr-93-8-7/2/u
P
449
1203
Cr-93-8-7/2/1
R
382
269
Cr-93-8-7/2/1
640
P
1725
Cr-93-8-7/3
R
292
145
Cr-93-8-7/3
P
654
1271
Barite crusts from Mississippi Canyon block 929
C r-93-1-3/1
R
705
1934
C r-93-1-3/1
P
1085
3797
C r-93-4-4/l/u
R
2443
2434
C r-93-4-4/l/u
P
1451
2701
C r-93-4-4/l/l
R
1374
689
Cr-93-4-4/1/1
P
2002
3940

dpm/g

-

dpm/g

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

262
180

-

-

-

-

-

-

-

-

238Ra/2“ Ra
0.629±0.014
0.356+0.014
0.79710.004
0.53310.002
0.62910.006
0.51110.005
0.76810.011
0.37610.013
1.43110.048
0.37410.021
2.03810.070
0.51910.015

0.36810.006
0.28810.005
1.01310.005
0.54210.002
2.01310.005
0.513+0.001

-

-

Measured

Sampling

2,0Pb/226Ra

2IOPh/224Ra

age (yr)

age (yr)

31.612.4
14.111.4
50.311.2
24.310.3
31.611.0
22.910.7
46.212.9
15.111.3

29.712.4
12.211.4
48.411.2
22.410.3
29.711.0
21.010.7
44.212.9
13.211.3

-

-

-

-

15.012.1

13.112.1

-

-

-

-

23.411.9

21.511.9

0.135±0.010
0.047±0.009

14.710.6
10.910.5

12.810.6
9.010.5

-

-

-

-

24.910.2

23.1+0.3

-

-

-

-

23.010.1

21.1+0.1

Notes: R= raw sample.
P = pure barite
- = below detection limit.
Measured age is obtained by the measured isotope ratio.
Sampling age = age corrected to the time o f sample collection.
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Two age nomenclatures have been used in this study and will frequently be
encountered below. They are measured age and sampling age. The measured age is based
on the direct measurement data which represent the age from the formation of barite to the
time of dating. Since samples were measured several years after collection, in addition to
the measured age, the sampling age which is corrected to the time of sample collection
(July, 1993) is also reported here. It must be stated that an additional time lag error was
introduced during the calculation of the sampling age, and the time lag error depends on
the amount of time that has elapsed between the time of collection and the time of
measurement. Therefore, the age error reported here for the corrected age is the
maximum. Except for where specified, ages described below represent sampling ages.
6.4.1

Radionuclides in the barites

The representative gamma spectra of barite chimneys and crusts, along with the
gamma-ray spectra of uranium and thorium standard ores for the energy range from 750
keV to 1050 keV are shown in Figure 6.4. It is obvious that all the gamma-ray peaks of
the nuclides following 2 2 6 rs and occurring in the uranium standard also show up in both
the barite chimneys and crusts. These gamma-ray peaks are primarily caused by 214pb
(half life 26.8 min), 2 14gi (half life 19.7 min) and 210pb (half life 22.3 yr). The
presence of - *4pb with its short half life attests to the presence of 226pa in the barite
chimneys and crusts.
Except for

at 59 keV, all the gamma-ray peaks that occur in the thorium

standard spectrum are also observed in the barite chimneys (Fig. 6.4). These gamma
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Figure 6.4. Gamma-ray spectra of uranium and thorium ore
standards and GOM barite chimneys and crusts.
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rays are mainly caused by 228Ac (half life 6.13 hr), 2 12ph (half life 10.6 hr), 2 12gi (half
life 60.6 min) and 208xi (half life 3.05 min). The presence of the short lived 228Ac is
indicative of the presence of 228r 3 jn the barite chimneys.
In contrast to the chimneys, all the radioactive peaks in the thorium decay series
observed in the thorium standard ore are absent in barite crusts (Fig. 6.4). The only
exception is the sample Cr 93-1-3/1 which contains measurable amounts of 228r 3 (Table
6.3). The absence of all the nuclides of thorium decay series in the barite crusts is
attributed to their older ages. As shown later, most barite crusts yield measured ages
greater than 15 years. Within this time frame, 95% of 228r3 , n the barites would have
been decayed due to its relatively short half life (5.75 yr).
6.4.2 The ages of the Barite chimneys
6.4.2.1 Chimney fragments
Sixteen fragments from four barite chimneys (three from Garden Banks block 382
and one from Mississippi Canyon block 929) were chosen for dating. For each chimney
fragment, a raw sample and a pure barite was prepared and analyzed. The analysis results
are tabulated in Table 6.1. Since these samples are chimney fragments and the exact
position of each fragment in the chimney was uncertain, the age obtained from the
fragments do not represent the time when the chimneys started forming, but only reflect
the age of the particular part of the chimney. Description of the chimneys and results
follow.
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•

Chimney# 2
This chimney was recovered from Garden Banks block 382. The chimney was

broken during sampling at the seafloor. The fragment used for dating was about 2 cm
long, 4 cm wide and 3 cm thick. The fragment exhibited two sublayers: the inner dark
gray layer and outer light gray layer. Microscope and SEM analyses indicate that both
sublayers are dominated by barite, and the inner layer contains relatively more sulfide than
the outer layer. Two subsamples were obtained from the fragment. Sample Ch#2-a was
taken from the inner side of the fragment and sample Ch#2-b was taken from the outer
part of the fragment.
The 228x^228^3 ages 0f raw samples were 1.26 ± 0.06 years for Ch# 2-a and
2.11 ± 0.07 years for Ch#2-b. After barite purification, the ages were shifted to 0.93 ±
0.06 and 1.94 ± 0.08 years for Ch# 2-a and Ch#2-b, respectively.
Based on 210pb/226pa 0f the raw samples, Ch#2-a and Ch#2-b yield ages of 2.52
± 2.39 and 0.55 ± 2.23 years (see discussion section for the reason of large errors when
dating chimneys using the 210pb/226Ra method), respectively. But the ages of the pure
barites were reduced to -0.07 years for Ch#2-b. Therefore, the barite purification
procedure seems to reduce the 210pb/226pa a .R age values.
•

Chimney# 9
The chimney was taken from Garden Banks block 382. The dimensions of the

chimney are 19 cm in height and 10 cm in diameter at the bottom. The chimney was well
preserved during sampling at the seafloor but began to fall apart when unwrapped in the
laboratory. Six subsamples from different sections of the chimney were obtained for
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dating and the results are tabulated in Table 6.1, and shown in Figure 6.5. The
228fh/228Ra ages 0f pUre barites show a consistent trend in the vertical profiles and, as
expected, older ages are found at the bottom while younger ages are found at the top (Fig.
6.5). In the inner side profile, the ages of the bottom, middle and the top are 1.53 ± 0.09,
0.94 ± 0.06 and 0.85 ± 0.07 years. Similar trends are also found in the outer side profile,
in which the ages change from 2.13 ± 0.08, 1.13 ± 0.09 to 1.23 ± 0.07 years from the
bottom, middle and to the top. Laterally, the outer side samples generally give older age
values than the inner side samples (Fig. 6.5) suggesting that the chimney first formed its
outer side frame and then progressively infilled the inner conduit.
For the pure barites, most samples have 2l0pb/226pa ages comparable to the
228jb/228Ra age values. But some samples yield negative 210pb/226pa ages (e.g. -0.43
± 2.88 years for Ch# 9-B/a). It is also noted that large errors occur during the age
determination by using the 2l0pb/226pa technique. Thus, the 210pb/226pa ages 0f these
samples are unreliable.
Additionally, the barite purification procedure appears not to affect the 210pb/226pa
age determination for this chimney. For example, the raw sample Ch# 9-T/b give an age
of 0.99 ± 2.35 years old, and after barite purification it is 0.62 ± 2.26 years old which is
similar to that of raw sample.
•

Chimney# 10
This chimney was taken from the same site as chimney# 9 but it fell apart when

unwrapped in the laboratory. The dimensions of the chimney were 18 cm in height and 7
cm in the diameter at the bottom. The inner side of the chimney showed gray color and
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Ch#9-T/b = 1.23 yr

Ch#9-M/b = 1.13 yr

Ch#9-B/b = 2.13 yr

Ch#9-Tla = 0.85 yr

/

^ C h # 9 - M / a ^ . 9 4 yr

19 cm

Ch#9-B/a = 1.53wr

Figure 6.5. Chimney# 9 from Garden Banks block 382. The ages shown here
are based on the 228xh/228Ra assays.
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the outer side showed orange color. Six subsamples were obtained from different parts of
the chimney and the dating results are tabulated in Table 6.1 and are shown in Figure 6.6.
Similar to chimney# 9, the 228Th/228Ra ages Df the pure barites show a consistent trend
in the vertical profiles with the older ages at the bottom and the younger ages at the top
(Fig. 6.6). In the outer side profile, the ages range from 2.18 ± 0.06, 1.54 ± 0.04 to 1.25
± 0.02 years old from the bottom, middle and top, respectively. In the inner side profile,
the ages range from 1.00 ± 0.01, 0.65 ± 0.03 to 0.67 ± 0.04 years old from the bottom,
middle and top, respectively.
The 210pb/226Ra ages of the pure barites range from -0.77 ± 1.19 to 1.06 + 3.30
years. These values are close but not comparable to their 228Th/228Ra age values. The
negative age values along with the larger age errors suggest that these 210pb/226Ra ages
are unreliable.
The barite purification procedure seems to reduce the 210pb/226Ra resulting in a
decrease in the ages of the samples. The effects appears to be larger for the inner side
samples than those from the outer side samples (Table 6.1). For example, the age
difference before and after barite purification for the outer sample Ch#10-B/b is 0.22
years, but the difference for the inner side sample Ch#10-B/a increases to 1.32 years
(Table 6.1).
•

Chimney# 11
Chimney# 11 was the only chimney recovered from Mississippi Canyon block 929.

The chimney is 11 cm in height and its conical shape has a 10 cm diameter at the bottom
and a 3 cm diameter at the top (Fig.6.7). Two fragments (Ch#l 1-F/l and
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Ch#10-T/a = 0.67 yr

Ch#10-T/b= 1.25 yr

Ch#10-M/b = 1.54 yr

Ch#10-B/b = 2.18 yt4

■/

Ch#10-M/a \ 0.65 yr

lg cm

Ch#10-B/a= 1.00 yr

Figure 6.6. Chimney# 10 from Garden Banks block 382. The ages shown
here are based on the 228jjj/228Ra assays.
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Figure 6.7. Side view of barite chimney#l 1 from Mississippi Canyon
block 929.
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Ch#l l-F/2) broken from the outside of the chimney (before hardening) were dated. The
whole chimney was hardened with resin and the dating profile based on the hardened
samples was also obtained (see below). The 228xh/228Ra ages Gf pUre barites were 2.42
± 0.04 and 4.56 ± 0.07 years for sample Ch#l 1-F/l and Ch#l l-F/2, respectively. The
corresponding 210pb/226pa ages Qf the pure barites were 0.92 ±1.13 years for sample
Ch#l 1-F/l and 2.06 ± 2.40 years for sample Ch#l l-F/2.
The effects of barite purification on the 210ph/226pa a g e determinations were also
observed for these samples (Table 6.1).
6.4.2.2 H ard en ed chim neys
Three barite chimneys (Chimney# 6,8 and 11) hardened with resins were cut
vertically. For each chimney, several subsamples at 2 to 3 cm intervals from the bottom to
the top were sectioned along the growth bands. Each of these subsamples were subjected
to nuclide analysis and the 228Th/228pa ages were calculated. The analytical data are
tabulated in Table 6.2 and illustrated in Figures 6.8, 6.9, and 6.10.
•

Chim ney# 6
The chimney was collected from Garden Banks block 382. It measured 15 cm in

length and 8 cm in diameter at the bottom, thinning at the top to 4 cm in diameter. When
sliced, the inner side of the chimney exhibited growth bands (Fig. 6.8). Five subsamples
were obtained from the bottom to the top. The -28jb/228pa ages Qf these five
subsamples decrease systematically from the bottom to the top. From the bottom to the
top the ages are 2.48 ± 0.04, 2.15 ± 0.01, 1.94 ± 0.02, 1.78 ± 0.01 and 1.62 ± 0.01
years, respectively (Fig. 6.8).
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sample
name

age
(yrs)

Ch#6-5

1.62±0.01

1.0910.01

Ch#6-4

1.7810.01

1.1410.01

initial
228Ra/226Ra

Ch#6-3

1.9410.02

1.1110.01

Ch#6-2

2.1510.01

1.1310.01

Ch#6-I

2.4810.04

1.0210.01
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Figure 6.8. Dating profile of growth increments in barite chimney# 6 from Garden Block 382 using the
2287h/228Ra method. Ages were corrected to July 20,1993 when the chimney was sampled.
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initial
228Ra/226Ra

sample
name

Ch#8-7

0.42±0.02

1.16+0.01

Ch#8-6

0.66±0.01

1.16±0.01

Ch#8-5

0.77±0.01

1.1710.01

Ch#8-4

0.9110.01

1.0910.01

Ch#8-3

1.3210.01

0.9610.01

Ch#8-2

1.6910.01

0.9510.02

Ch#8-1

2.1110.02

1.0010.01

Figure 6.9. Dating profile o f growth increments in barite chim ney# 8 from Garden Banks
block 382 using 228jhy228Ra method. Ages were corrected to July 20, 1993 when the
chimney was sampled.
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initial
228Ra/226Ra

sample
name

Ch# 1-5

4.00+0.01

0.7810.01

C h#l 1-4

4.21 ±0.01

0.7810.01

Ch#

-3

4.6510.02

0.6210.01

C h#l 1-2

5.2910.02

0.6810.01

C h#l 1-1

6.4410.23

0.6110.04

Figure 6.10. Dating profile of growth increments in barite chimney #11 from Mississippi Canyon block 929 using
228Th/228Ra method. Ages were corrected to July 20,1993 when the chimney was sampled.
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•

Chimney# 8
This chimney was also taken from Garden Banks block 382. It measured about 20

cm in height, cylindrical in shape with about 7 cm in diameter at the bottom and 4 cm in
diameter at the top. This was the tallest chimney collected. Eight subsamples were
obtained from the bottom to the top and the 228Th/228Ra age profile is shown in Figure
6.9. Similar to chimney 6, the age systematically decreases from the bottom to the top.
From the bottom to the top the ages change from 2.11 ± 0.02, 1.69 ±0.01, 1.32 ±0.01,
0.91 ±0.01, 0.77 ±0.01, 0.66 ±0.01, and to 0.42 ± 0.02 years (Fig. 6.9).
•

Chimney# 11
Chimney 11 was the only chimney collected from Mississippi Canyon block 929. It

was a cone-shaped chimney that measured 18 cm in length, 14 cm in diameter at the
bottom, thinning to 5 cm in diameter at the top. Five subsamples were obtained from the
bottom to the top (Fig. 6.10). The

2 2 8 7

^

2 2 8 ^ 3

ages systematically decrease from the

bottom to the top and they are 6.44 ± 0.23, 5.29 ± 0.02,4.65 ± 0.02,4.21 ± 0.01, and
4.00 ±0.01 years, respectively.
6.4.3 The age of the barite crusts
Barite crusts occur either on the flanks of mud volcanos or as teepees covering the
seafloor. Unlike the barite chimneys which are dominated by barite (>95% by volume),
the barite crusts also contain variable amounts of carbonates and sulfides. Six crust
samples, four from Garden the Banks block 382 and two from the Mississippi Canyon
block 929, were collected for dating. Both raw samples and pure barite samples from
each fragment were prepared and analyzed. Since all the barite crusts, except for sample
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Cr-93-1-3/1, contain immeasurable 228r u ancj 228^^ on[y the 210pb/226Ra ages were
determined. The analytical data are listed in Table 6.3.

•

C r-93-7-7/1
This light-gray crust was collected from the flank of a active mud volcano in Garden

Banks block 382. The raw sample yielded an age of 29.67±2.40 years, but a younger age
of 12.17+1.39 years based on the pure barite.

•

C r-93-8-5/3
This crust occurred as a teepee covering the seafloor and was taken from Garden

Banks block 382. The crust was about 7 cm thick with two distinguishable sublayers. A
subsample was taken from each sublayer. Sample Cr-93-8-5/3/u was taken from the
upper light-gray colored sublayer. This sublayer was above the sediment/water interface
when sampled. Sample Cr-93-8-5/3/1, taken from the lower sublayer, exhibits a black
color. This sublayer was buried within the marine sediments when sampled. Based on the
raw samples, Cr-93-8-5/3/u and Cr-93-8-5/3/1 yielded ages of 29.72 ± 1.02 and 48.39 ±
1.20 years, respectively. After purification, the ages were reduced to 22.42 ± 0.27 years
for Cr-93-8-5/3/u and 20.99 ± 0.66 years for Cr-93-8-5/3/1, resulting in a significant
reduction of the - 10pb/226Ra age.

•

C r-93-8-7/2
This crust was collected from the wall of a depression in the Garden Banks block

382. The crust was about 8 cm thick and exhibited two sublayers: the upper layer (Cr 938-7/2/u) showing a light gray color and the lower layer (Cr-93-8-7/2/1) exhibiting a black
color. Based on the pure barites, the two sublayer samples yield similar ages, which are
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13.22 ± 1.33 years for sample Cr-93-8-7/2/u and 13.11 ± 2.13 years for sample Cr-93-87/2/1.
The raw sample Cr-93-8-7/2/u yields an age of 44.23 ± 2.92 years, but its matching
pure barite gives a value of 13.22 ± 1.33 years, producing an age difference of 30 years
before and after barite purification. For sample Cr-93-8-7/2/1, the measured 21 Opb/226pa
of the raw sample was 1.43, which suggests that some excess 210pb other than from the
decay of 226pa js present in the raw samples. No age could be obtained for this raw
sample. But after purification, the measured 210pb/226Ra was reduced to 0.37 which
gave an corresponding age of 13.11±2.13 years old.
•

C r-93-8-7/3
This crust was taken from the wall of the same depression as sample Cr-93-8-7/2

but from a different part of the depression. The measured 2 10pb/226Ra based on the raw
sample was 2.04, which indicates an excess of - ^ P b unsupported by the decay of
226Ra present in the sample. No 210pb/226Ra age was calculated. However, after
purification, the measured 210pb/226pa was decreased to 0.52 and gave a corresponding
age of 21.50 ± 1.97 years old.
•

C r-93-1-3/1
This crust was sampled from the flank of a mud volcano in Mississippi Canyon

block 929. The crust was found to serve as substrate for chemosynthetic mussels.
Microscope and SEM analyses indicate that this crust consists of a large amount of
carbonates (about 50% by volume) in addition to barite. This was the only crust measured
in the study containing detectable 228r 3, but due to low concentrations of 228xb, no
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228Th/228Ra age was obtained. The 210pb/226pa age Gf the raw sample was
12.79±0.61 years, and 9.0010.45 years for the pure barite.
•

C r-9 3 -4 -4 /1
This crust was taken from the flank of a dormant mud volcano in Mississippi

Canyon block 929. The crust was about 10 cm thick and two sublayers were
distinguished: an upper light gray layer (Cr-93-4-4/l/u) and a lower dark layer (Cr-93-44/1/1). No 2 10pb/226Ra ages 0f raw samples were obtained for both sample Cr-93-44/1/u and sample Cr-93-4-4/1/I because their measured 2 10pb/226pa were more than i
(1.01 for Cr-93-4-4/l/u and 2.01 for Cr-93-4-4/1/1). However, after purification, the

measured 210pb/226pa were reduced to 0.54 and 0.51, which gave the corresponding
ages of 23.0510.25 and 21.0710.13 years for sample Cr-93-4-4/l/u and Cr-93-4-4/1/1,
respectively.
6.5 D ISCUSSION
6.5.1 V alidation of the dating m ethods
The accuracy of 228Th/228Ra ancj 210pb/226pa ages jn barites depends upon the
validity of the following assumptions: (I) 226pa ancj 228pa jn the barites must be
orphans; (2) there must be no initial 228jh and 210pb in the barites; and (3) the system
must remain closed with respect to the radioactive nuclides, 228pa^ 228jh, 226r 3< ^ d
210pb since the formation of the barites.
In order to check the validity of the first assumption, gamma-ray spectra of uranium
and thorium ore standards were compared with those of barite chimneys and crusts (Fig.
6.4). It is important to note that the gamma peak at 1001 keV from 234pa in the uranium
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standard spectrum is absent in both the chimney and crust spectra. As 234pa wj|] reach
equilibrium with 238jj within a few months (the intermediate isotope 234jh has a 24.1
day half life), this indicates that 238(j js absent or at a very low concentration in the
barites. Furthermore, the gamma peak at 67.7 keV from 230rh occurring in the uranium
standard spectrum is also absent in the barite spectra. These features confirm that 2 2 6 ^
in the barites are unsupported.
The parent of 228Ra ;s 232jh . The gamma peak at 59 keV from 232Th is present in
the thorium standard spectrum but it is absent in both the barite chimney and crust spectra
(outside the energy range of Fig. 6.4). This strongly suggests that 228Ra jn the barites is
unsupported as well.
To determine if initial 228xh existed in the barites, I repeated the dating of five
barite chimney samples two years after the initial dating measurements. The 228xh/228Ra
ages measured at about 2 years interval should yield a large discrepancy due to the short
half life of 228jh (1.91 yr) if significant initial 228jh existed. Otherwise, the two ages
should overlap. The experimental data are summarized in Table 6.4 and shown in Figure
6.11. It is important to note that the two ages for the same sample are similar with the
difference being less than 13% (the error was calculated based on the data in Table 6.4).
Thus, these experiments confirm that the barites contain no or negligible initial 228Tk
and hence, all the 228jh in the barites can be considered to be supported by the decay of
228Ra.
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Table 6.4. Results of repeat dating of chimneys.
Date

228
Th

of
measurement

(dpm/g)

(dpm/g)

First dating
Ch#2-a
Ch#2-b
Ch#9-B/b
Ch#10-T/b
Ch#10-B/b

Apr-95
May-95
Aug-95
Sep-96
Sep-96

819
624
708
784
819

Second dating
Ch#2-a
Ch#2-b
Ch#9-B/b
Ch#10-T/b
Ch#10-B/b

Feb-98
Feb-98
Feb-98
Feb-98
Feb-98

955
684
647
620
727

Sample
name

228d
Ra

Measured

Sampling

228Th/228Ra

228Th/228Ra
age (yr)

22*Th/228Ra
age (yr)

1135
690
739
793
755

0.772±0.006
0.904±0.006
0.958+0.005
0.988±0.001
1.086±0.003

2.7210.06
3.8210.08
4.2210.08
4.4510.02
5.3310.06

0.9310.06
1.9410.08
2.1310.08
1.2510.02
2.1810.06

860
570
535
559
599

1.110+0.005
1.200+0.003
1.21010.006
1.11010.004
1.21410.003

5.58+0.11
6.6710.08
6.8110.09
5.5910.09
6.8710.09

1.0810.11
2.1010.08
2.3110.09
1.0910.09
2.0010.08

See Table 6.2 for explanation of measured and sampling ages.
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2.0

1.5

slope = 1

1.0
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1.0

1.5

2.0
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3.0

A g e l (y rs)
Figure 6 .11. Relationship between the first and second 228xh/228Ra
dating of pure barites. The second dating was performed two years
after the first dating. The ages are sampling ages. Data converge
along the line with a slope of 1:1 indicating that the initial 22°Th in
the barites is negligible.
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As shown later, some 210pb unsupported by the decay of 226Ra did occur in the
raw samples. However, most of the excess 2 lOpb occur in sulfide rather than in barite
phase. Although it is difficult to prove that no initial 2 lOpb were present in the pure
barites, it is safe to assume that the initial amount of 210pb in the barites is insignificant.
This assumption is supported by the following observation. Based on the pure barites, all
the young chimneys yield 210pb/226pa ages similar to those of 228rpb/228pa ages
(Table 6.1), although the 210pb/226pa ages 0f the chimneys have only qualitative values.
The match indicates that an insignificant initial 21 Opb occurs in the pure barites because
older 2 10pb/226pa ages than the 228xh/228pa ages would be expected if significant
initial 210pb existed in the barites. Therefore, it is reasonable to assume that there was
negligible initial - ^®Pb in the barites.
The third assumption states that the 228jh produced from the decay of 2 2 8 r3< and
the 210pb produced from the decay of 226pa do not migrate. In most cases the migration
of daughter isotopes from minerals is due to alpha recoil (Kigoshi, 1971), however, the
decay of 228pa and 228a c (228Ac is used to determine the 228pa activity) is by beta
emission. Thus, this will cause the recoil energy associated with the 228Th production to
be insignificant (Stakes & Moore, 1991). The decay of 226pa and 228Tb are by alpha
emission. If the system is leaking because of alpha recoiling, the most probable leakage is
by gaseous 2 2 2 r0 jn the 226pa decay series and by gaseous 220pn in the 228pa decay
series. The leakage of 222ru and 220pn couid definitely affect both 228Th/228pa and
210pb/226pa dating methods. This is because in the 210pb/226pa method, both 214pb
which is used to calculate the 226pa activity and 210pb am the daughters of 222Rn
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Similarly, in the 228Th/228pa method, the activity of 2 2 8 ^ js calculated from the
activity of 2 12pb which is the daughter of 220pn

a

test on the loss of 220Rn

222pn

of the barites was made by monitoring for 10 days the gamma-ray emission of a sealed
barite sample. The results showed a loss of less than 0.05% of Rn which indicates no
significant loss of radon decay products in the barites. Therefore, the barite can be
considered a closed system for all practical purposes.
Therefore, all three assumptions for both 228jh/228Ra ancj 210pb/226pa dating
methods are satisfied and the barite ages obtained are considered reliable.
6.5.2 210Pb/2 2 6 Ra Ages
210pb/226Ra method has been applied to date barite chimney fragments and barite
crusts (Table 6.1 and 6.3). The 210pb/226Ra a g e s Qf p U re barites, along with their
analytical errors are illustrated in Figure 6.12. The age of the chimneys range from 0
(some chimneys yielding negative ages) to 2.5 years, whereas the age of the crusts range
from 9.0 to 22.5 years old.
Since the half life of 210pb is 22.3 years, serious questions arise as to the accuracy
of this technique when applied to young barite chimneys (<5 yrs). As shown in Figure
6.12, large analytical errors (up to 77%) in age determinations occurred when calculating
the chimney ages. In addition, some chimneys yield negative ages ( e.g. -0.127 yr for
Ch# 10-B/a) which are impossible. All these features are attributed to the low activity of
210pb in the chimneys due to their young ages. The low activity of 210pb makes it
harder for the instrument to detect the nuclide and hence causes serious statistical errors.
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2 1 0 p b /2 2 6 R a R a tio

Figure 6.12.210pb/226Ra ages 0f pUre barites. Bars represent 2a errors.
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Additionally, the gamma peak at 46.52 keV measured for 210pb is significantly
attenuated because of self absorption at low energy. Therefore, the 210pb/226Ra js not an
appropriate technique for quantitatively dating young chimneys. These disadvantages of
the 2l0pb/226Ra method for dating young chimneys, however, do not preclude its
qualitative value in estimating the age of the chimney. All of the chimneys that have low
210pb/226Ra are also very young which is confirmed by the 228jh/228Ra dating method
(Table 6.1 and 6.3).
Although the 2l0pb/226Ra method is inaccurate in determining the young
chimneys, the following observations suggest that 210pb/226pa ages of pure crust
barites are reliable. First, all the crust samples exhibit strong 210pb peaks due to their
relative older ages (measured ages > 15 yr), and greatly reduced analytical errors (<
10%). Second, most barite crust samples yield measured 210pb/226Ra ages older than 15
years and this is consistent with the observation that most of the crusts are lacking 228jh
and 228Ra (Table 6.3). Therefore, the 2l0pb/226pa method is suitable for dating the
barite crusts.
One interesting aspect of the 210pb/226Ra dating method is that the barite
purification procedure appears to affect its age determination. It is noted that the pure
barite ages of both chimneys and crusts tend to be younger than those of their matching
raw samples (Table 6 .1 and 6.3). A comparison of 210pb/226Ra of raw samples with
those of pure barites is shown in Figure 6.13. It is evident that all of the chimney samples
converge along the line with a slope of 1 in the coordinates of 2l0pb/226pa of raw
samples and pure barites. This suggests that the barite purification do not
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2.5
Slope = 1:1

2.0
1.5

1.0

• •

f Barite crust

0.5

0.0
0.0

A Barite chimney
0.5

1.0

1.5

2.0

(210pb/226Ra)pb
Figure 6.13. 210pb/226Ra of barites before (rb) and
after (pb) purification. Note that all the barite chimneys are
on the 1:1 line whereas most crusts data are above it. This
indicates that raw crust samples tend to yield spurious ages.
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significantly affect the chimney age determinations. However, all the crust data deviate far
above the line with the slope of 1. This indicates that the raw samples of the crusts tend to
give ages much older than those of pure barites, and hence give anomalous and biased
results. The discrepancy o f 210pb/226Ra between raw sample and pure crust barites
suggests that some 210pb measured in the raw samples were not produced from the
indigenous 226r 3 decay. This is confirmed by the fact that some raw crust samples
possess 2 10pb/226Ra greater than 1 (e.g. 2.01 for Cr-93-4-4/1-1; 2.04 for Cr-93-8-7/3;
and 1.43 for Cr-93-8-7/2), which are not possible if the only source of210pb is from the
decay of the parent 226pa indigenous to the sample.
Another question that needs to be addressed is what is the source of the excess
2 10pb in the raw samples of the crusts. Microscope and SEM analyses of the barite crusts
indicate that the most abundant minerals other than barite in the crusts are carbonates and
sulfides. Since Pb has two oxidation states (+2 and +4) and could react with sulfide to
form PbS, it is not unreasonable to assume that sulfide in the crusts may act as a Pb sink
which accounts for the excess 210pb jn the raw samples. This inference is confirmed by
the observed relationship between the concentrations of sulfide and the amount of
discrepancy of - ^Pb/226pa before and after barite purification (Table 6.5 and Fig.
6.14). It is found that the higher the sulfide concentration in the sample, the larger the
discrepancy of 210pb/226Ra before and after barite purification (Fig. 6.14). This positive
relationship strongly suggests that the excess of 210pb in the raw samples stems from the
sulfides in the crusts.
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2 .0
A Barite chimney
• Barite crust

2 1 0 p b /2 2 6

1.5

1.0

0 .5

0.0

%

_ i_
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Sulfide (% by w eight)
Figure 6. 14. Sulfide effects on the 210pb/226Ra dating. Note
the positive relationship between the sulfide concentration and
the difference in 2l0pb/226Ra before and after barite
purification.
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I propose that the excess 2l0pb added to the sulfide coexisting with the barite
originated from the decay of 2 2 2 ^ emanating from the venting fluids. A previous study
indicated that Pb can be coprecipitated with sulfide if the hydrogen sulfide concentrations
are high (LaRock, 1996). As discussed in Chapter 7, microbial sulfate reduction plays an
important role in the formation of the barite crusts. Since hydrogen sulfide is one of the
main by-product of microbial sulfate reduction, the hydrogen sulfide concentration should
remain at a high level during the formation of barite crusts. In addition, the seeping fluids
in the barite areas should be enriched in 2 2 2 p n dUe to the high concentration of 2 2 6 r&in
the seeping fluids (Fu et al., 1996; Chapter 4). Thus, when radon gas diffuses through
the crusts,

21 0

pb wju rapidly deposit because the half life of 2 2 2 rji ,s 3

32

days and all

the intermediate isotopes have half life less than an hour. This 210pb wiu reacts with the
hydrogen sulfide resulting from the microbial sulfate reduction and precipitate as sulfide
along with pyrite. Since the 210pb in the sulfides did not originate from the decay of
226Ra in barites, the exogenous or excess 2 1 0 pb in the sulfide will make the
210pb/226Ra 0f the raw sample larger than that of pure barite, and hence give a spurious
age. However, the purification process outlined previously removes carbonates, organic
matter and fine sulfides from the raw sample, and effectively removes exogenous 2 1 0 pb,
leaving only 2 1 0 pb resulting from the decay of endogenous 226pa jn the barite of the
crust. Thus, the 210pb/226pa dating method can be accurately applied to these types of
samples and the age of pure barite should represent the true ages.
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The similarity of 210pb/226Ra between raw and purified barite in chimneys is
attributed to the lower concentration of sulfides in the chimneys (Fu et al, 1994; Chapter
5).

6.5.3 228xh/228Ra Ages
The 228rn 1/228Ra ages Gf pUre barite chimneys range from 0.5 to about 5 years
(Fig. 6.15), indicating that the chimneys are very young and some formed just several
months before the samples were collected in July 1993. As mendoned earlier, some
excess 210pb present in the sulfides of the crusts tend to give spurious 210pb/226pa
ages. The sulfides in the chimneys could also affect the 228rfh/228pa age determinations
because the activity of 228xh used in 228xh/228pa technique is obtained from the
activity of 2 12pb which could also be derived from the decay of 220pm jn the fluids. To
check the sulfide effect on the 228xb/228pa dating, I plotted the 228jb/228pa ages Qf the
raw chimney samples against those of their paired pure barites (Fig. 6.16). It is noted that
the ages of the raw chimney samples are similar to those of pure barites because the
chimneys contain an insignificant amount sulfide (< 2% by volume). Based on this
observation, subsamples sectioned from the hardened chimneys were dated without
purification and their 228xh/228pa ages represent "true" chimney's ages (Table 6.2).
The 228jh/228Ra ages obtained from the chimneys are reliable because; (1) the
228xh/228pa age errors are small (< 8%, Table 6.1 and 6.2), and (2) the three age
profiles (Fig. 6.8,6.9, and 6.10) show systematic decrease in the ages from the bottom

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

191

—-------1—
2

1

—i—

—1—

I

•
-

■
-

g

Of)
CO

Of)

e

*a

S
«

w
CO

OJ
QO
N

•
“

I

]

■
0
0.6

■

z

z
*1

,

“
N
N

-

-

.

1

r
xX

•
•

0.8

1.0

1.2

1.4

228Th/228Ra
Figure 6.15.228xh/228Ra ages based on pure barites plotted
against their 228xb/228Ra ratios of chimneys.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

192

5

u

4

■£
W)

3

es

slope = 1

£

00

N

2

1

*
N
N

1

0
0

1

2

3

4

5

228Xh/228Raagepb(yr)
Figure 6.16. Relationship between 228jh/228Ra ages 0f raw barites (rb)
and pure barites (pb) of chimneys. Note that all the data converge along
the 1:1 line suggesting that barite purification does not significantly affect
the 228xh/228Ra dating.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

193
to the top of the chimneys, which is consistent with the expectation that the older ages
should be at the bottom while the younger ages at the top.
6.5.4

The age differences between the chimneys an d crusts

The ages of barite chimneys and crusts dated in this study are summarized in Figure
6.17. It is obvious that all of the crusts are older than the chimneys. Barite crusts from
both Garden Banks and Mississippi Canyon areas have an overlapping age range, from
9.0 to 23.1 years old. The chimney from Mississippi Canyon yield ages from 2.5 to 6.5
years, which are slightly older than the age of chimneys from Garden Banks which range
from 0.4 to 2.5 years. These young ages indicate that barite deposition in the Gulf of
Mexico is a relatively recent event. This interpretation is substantiated by the fact that very
little or no sediment cover was observed on top of these barite deposits
Concerning the age difference between the chimneys and the crusts, a question that
needs to be addressed is why all the chimneys are younger than the crusts. Two
possibilities are proposed: First, based on the growth rates of the chimneys (see below),
the construction of a chimney should be rapid and most chimneys were probably built
within 5 years (assuming the height is less than 30 cm and average growth rate is about 7
cm/yr). Because of the friable nature of these chimneys and the possible ocean bottom
current erosion, the chimneys may collapse within a short period of time after their
formation. Therefore, the life span of a chimney, from its initial formation to its toppling,
was probably very short. This may be the main reason why all of the chimneys dated here
are very young (< 8 yrs). Second, it is noted that the upper part of the most crusts are
older than their lower part (Table 6.3). These results allow to
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postulate a time-sequence for the formation of the crusts. During the early stage of fluid
seepage, the Ba-, and Ra-rich fluids mix with sulfate-rich seawater and precipitate barite
which forms the upper part of the crust. The later seeping fluids are probably trapped
below the upper part of the hard crust, and the Ba and Ra-rich fluids react with the
dissolved sulfate in the pore fluids and precipitate barite which forms the lower part of the
crusts. Therefore in a vertical profile the different layers of the crusts should represent
different time events of fluids seepage with the upper part of the crust precipitating first
and the deeper part of the crust precipitating later. Due to the limitation of sampling depth
with the submersible robot arm, only surficial crusts were collected. Therefore, the barite
precipitation events deciphered here from the crusts should represent the earliest events
occurring in the formation of the crusts. This may explain why all the crusts were older
than the chimneys.
In addition, the observed age gap between the chimneys and the crusts may have
also resulted from the sampling bias in the sense that samples were not collected in a
systematic fashion. Therefore a systematic sampling is needed in future studies to fully
understand the history of barite deposits.
6.5.5

Growth rates of the chimneys

The 228xh/228Ra age profiles obtained from hardened chimneys# 6,8, and 11
(Fig. 6.8,6.9, and 6.10) were used to reconstruct the growth history of the chimneys.
Growth rates were obtained from the slopes of the regression lines in the coordinates of
228jh/228Ra ages vs the distance from the bottom of the chimneys (Fig. 6.18,6.19 and
6.20). In these plots a constant linear growth is assumed in each sampling interval
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(2 to 3 cm) and the age is assigned to the midpoint of each interval. The growth rates
determined by this method are 9.3 cm/yr for chimney# 6,8.9 cm/yr for chimney# 8, and
4.4 cm/yr for chimney# 11. These growth rates indicate that the buildup of a chimney is
very rapid. The growth rates obtained here are similar to the growth rate of about 6 cm/yr
for barite-rich hydrothermal chimneys at Juan de Fuca Ridge (Grasty et al., 1988; Kim
and McMurtry, 1991; Reyes, 1993; Reyes et al., 1995), but greater than the value of 1.2
cm/yr calculated for a hydrothermal sulfide chimney on the same ridge (Kadko et al.,
1985).
There may be regional differences in growth rates in the Gulf of Mexico. The two
chimneys from Garden Banks (chimney# 6 and chimney# 8) have similar growth rates
and yield an average value of 9.1 cm/yr whereas the growth rate obtained from the
chimney# 11 in Mississippi Canyon is about 4.4 cm/yr. The growth rate in Garden Banks
is thus twice as much as that in Mississippi Canyon. Since these barite chimneys formed
by the mixing of sulfate-rich seawater with the Ba-rich seeping fluids, the difference in
growth rate may reflect the difference of either fluid seepage rate and/or the Ba
concentration in the seeping fluids. This is because both a higher seepage rate and a
higher concentration of Ba in the fluids could result in more barite precipitation within a
certain period of time and result in faster growth of the chimney. It is shown in Chapter 2
that the end member fluid in Garden Banks contains a higher concentration of Ba than that
in Mississippi Canyon, and this could be one reason for the faster growth rate of
chimneys in Garden Banks than that in Mississippi Canyon.
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Alternatively, the chimney growth rates may be controlled by the fluid seepage rate.
The higher the fluid seeping rate, the more Ba could be vented out resulting in more barite
precipitation within a certain period of time. The higher growth rate found in the chimneys
from Garden Banks may suggest that the fluid seepage rate in Garden Banks is higher
than that in Mississippi Canyon.
It is also noted that the growth rate over the history of a single chimney is not
constant. As shown in Figures 6.21, 6.22 and 6.23, chimneys apparently grow slower in
the earlier stage of their development (the bottom part), and then the growth rate increases
with time. Two possibilities are proposed for this slow to fast change in the growth rate
of the chimneys. First, the flux increase with time of Ba-rich fluids during the formation
of the chimneys may cause the growth rate increase. Second, the flux of Ba-rich fluids
may be uniform with time, but due to the cone shape of the chimneys their circumferences
decrease as they grow, and consequently show an apparent increase of the growth rate.
6.5.6 Initial 22 8 Ra/2 2 6 Ra actjvjty ratios in the barites
Because 228 Ra decays exponentially with time while 226Ra can be assumed to have
remained constant in the short life of the barites, the initial 228Ra/226Ra can be calculated
according to the following equation:

(228Ra/226Ra)t = (228Ra/226Ra)()e-A.t

(3)

where (228Ra/226Ra){ js die measured ratio in the barite, t is the age as determined
by the 228xh/228Ra technique, (228Ra/226Ra)Q is die initial ratio, and X is the decay
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constant of 228r 3 (^228 r 3 _ o. 121/yr). In the calculation the decay constant of 226r 3 js
ignored because of its long half life (1,620 yrs).
The initial 228Ra/226Ra 0f barite chimneys determined by this method are listed in
Tables 6.1 and 6.2. No initial 228Ra/226Ra for the crusts were calculated because most
crusts contain 2 28r3 below detection limit. The initial 228r3/226r3 Qf the chimneys in
Garden Banks range from 0.9 to 1.2 (mean = 1.09±0.08, n = 24) whereas the ratios in
Mississippi Canyon range from 0.6 to 0.8 (mean = 0.7l±0.08, n = 7). A significant
negative relationship exists between the initial 2 2 8 R3 / 2 2 6 Ra ^

the ages of the chimneys

(Fig. 6.24), which leads to the following three observations: (i) The initial 228r3/226r3
were not constant, because otherwise a straight horizontal line would be expected; (ii)
There appears to be regional differences in the initial 228Ra/226Ra between Garden
Banks (0.9 to 1.2) and Mississippi Canyon (0.6 to 0.8); and (iii) A broad negative
relationship between the initial 2 2 8 R3 / 2 2 6 Ra ancj ages Qf the chimneys exists.
Regional and temporal variations of initial 228r3/226r3 (fr0m 0.2 to 1.0) have also
been found in the hydrothermal sulfides and barite-enriched deposits occurring in the midoceanic hydrothermal vents (Stake and Moore, 1991; Kadko and Moore, 1988; Reyes,
1993). It is generally accepted that Ra in the hydrothermal deposits were mainly leached
out from the basalts and the variations of initial 2 2 8 r 3 / 2 2 6 r 3 in the deposits are caused
by the difference in either fluid residence time, depth of generation of hydrothermal
fluids, or temperature fluctuation near the basalts (Stake and Moore, 1991; Kadko and
Moore, 1988; Reyes, 1993).
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Concerning the cause(s) of the regional difference in initial 228(^/226Ra found in
the Gulf of Mexico barites, two possibilities are proposed. First, fluids in different areas
may have originated from different sources. In this sense the fluid source under Garden
Banks area may have higher 228Ra/226Ra than that under Mississippi Canyon area.
Second, the subsurface fluid sources may have the same 228Ra/226Ra under the two
areas, but the fluids migration time was different. Due to its short half life ( 5.57 yr), the
228r 3 concentration in the fluids decreases exponentially with migrating time, but 226r s
concentration can be considered to remain constant due to its long half life (1,620 yr).
Hence, the longer the fluids migration time, the lower the 228Ra/226Ra }n the seepage
fluids would be and in turn would result in the lower initial 228Ra/226Ra values in the
barite. If migration time was the controlling factor, based on the average initial
228R3/226Ra value of 1.09 in Garden Banks and 0.71 in Mississippi Canyon, it can be
calculated that the fluids in Mississippi Canyon traveled 3.5 years longer than the fluids in
Garden Banks. The fluid migration time could be controlled by either the length of the
pathway and/or the migrating rate which is reflected by the seepage rate. Therefore, the
fluids in Mississippi Canyon are either derived from a deeper source or their migration
rate is lower than the fluids in Garden Banks.
Based on the data in hand it is possible that both mechanisms above could explain
the observations. As shown in Chapters 2 and 4, the chemistry, isotopes and radioactivity
(226Ra and 228fca) c f die end member fluids in the two areas are different. These
differences suggests that fluids in the two areas may come from different sources.
Alternatively, different growth rates of chimneys (8.9 to 9.3 cm/yr in Garden Banks and
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4.4 cm/yr in Mississippi Canyon) may reflect different fluids migration times in the two
areas.
Another implication concerning the initial 228Ra/226Ra js that the presence of
228Ra ^ the barites indicates that the maximum migration time for the fluids in both areas
should be less than 20 years, otherwise 91% of the 228r 3 would have decayed due to its
short half life (5.75 yrs).
The negative relationship between the initial 228R3/226Ra and the ages (Fig. 6.24)
can be explained by the increase of fluid seepage rate with time during the growth of the
chimneys. Let's assume that in the same confined area the fluids are seeping from the
same source with the same 228Ra/226Ra? hut the fluid seepage rate increases with time.
At the initial formation of the chimney, the lower seepage rate causes longer fluid
migration time, and in turn reduces the 228Ra/226Ra jn the fluid. Such lower
228Ra/226Ra would be recorded as initial 228Ra/226Ra jn the lower parts of chimney.
As the chimneys grow, higher fluid seepage rate reduces the fluid migration time and
hence results in relatively higher 228Ra/226Ra jn the fluid, which was incorporated in the
upper parts of chimneys. Consequently, this sequence of events will cause the observed
negative relationship between the ages of the chimneys and the initial 2 2 8 (^ /2 2 6 ^ 0f the
barites as shown in Figure 6.24.
228Ra/226Ra coujd also be used to date barites if the initial ratio is known.
However, because the initial 228Ra/226Ra Qf the barites vary, 228Ra/226Ra can not be
used to calculate the exact age. A plot of the ages versus the 228Ra/226Ra for the
chimneys exhibit two negative trends (Fig. 6.25) where high 228Ra/226Ra correspond to
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younger ages. One negative trend is for the chimneys in Garden Banks and the other trend
is for the chimneys in Mississippi Canyon. Therefore, the 228Ra/226Ra may fog used to
estimate whether the sample is old or young but not to obtain an accurate age.
6.5.7 226Ra activity in the barites and its source/s
Barite is often radioactive because Ra is commonly coprecipitated with Ba during
the formation of barite. Radioactive barites formed in different environments have been
documented by previous studies. For example, high activity of 226r2 has been reported
in marine barites sampled in cores taken from the Northeast Equatorial Pacific (Borole and
Somayajulu, 1977; Paytan et al., 1996). Radium-enriched barite sinters were found at a
cold spring site in northwestern Canada (Cecile and Jones, 1979, Cecile et al., 1984).
More recently, abundant radioactive barite-sulfide deposits have been discovered in
hydrothermal vents from deep-sea spreading centers (Lalou & Brichet, 1982, 1987;
Grasty et al., 1988; Moore and Stakes, 1990; Reyes, 1993; Reyes et al., 1995). The
overall ranges of radium activity in barites reported previously, along with the values
obtained in this study, are summarized in Figure 6.26. Since the activity of 228Ra js
strongly controlled by the age of the sample, only 226Ra activities are used here for
comparison.
The specific 226r 3 activities of the Gulf of Mexico barites range from about 1,000
to 4,000 dpm/g and are comparable with the barite-rich hydrothermal deposits found at
the deep-sea spreading centers but are two to four orders of magnitude higher than those
of marine barites and sulfide-rich hydrothermal deposits (Fig. 6.26). Some barites from
Mississippi Canyon (e.g., sample Ch#l 1-F/l, Table 6.1) contain by far the highest
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values (about 4,000 dpm/g) reported to date. Barites deposited in the same area of the
Gulf of Mexico seem to have similar 226r 3 activities, but there appears to be regional
differences. For example, the 226r 3 activities of the chimneys and crusts in Garden
Banks range from 1100 to 1700 dpm/g, whereas the chimneys and crusts in Mississippi
Canyon range from 2700 to 4000 dpm/g. Therefore, the 226r 3 activities of barites in
Mississippi Canyon are twice as much as those in Garden Banks.
Two important questions need to be addressed concerning the 226r 3 jn the Gulf of
Mexico barites: (i) the source/s of 226r 3 in the barites, and (ii) the cause(s) of differences
in 226r 3 activities between barites from Garden Banks and from Mississippi Canyon.
Since the seawater contains trace amount of 226r 3 (0.1-1.0 dpm/100 L, Chung,
1976,1980; Chung and Craig, 1973, 1980), it can be precluded as the source for 226r 3
in the barites. The 226r 3 in marine barites is commonly attributed to uptake from pore
fluids which are generally enriched in 226r 3 by factors of 100 to 1500 (100 to 1500
dpm/100 L) over that in near bottom water (e.g. Borole and Somayajulu, 1977; Cochran,
1979; Key, 1981; Paytan et al., 1996). The enrichment of marine pore fluids in 2 2 6 ^
are ascribed to two processes related to the distinct chemical behavior of U and Th in the
sea water. First, alpha decay of 234jj jn the water column produces 230jh which js
scavenged by adsorption onto rapidly sinking particulate matter. Second, the removal
process results in 230jh activities in the sediment which are in excess of the amount
which can be supported by the coexisting 234jj (Cochran, 1979). Consequently, the
226r 3 resulting from the radioactive decay of excess 23(>rh in the sediment ends up in
the pore fluids by leaching and alpha-recoil processes (Kigoshi, 1971). Concerning the
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Gulf of Mexico barites, normal marine pore fluids can be ruled out as the source of 2 2 6 ^
because (i) most barites and especially the barite chimneys, form above the
water/sediment interface, and (ii) 226Ra activities in pore fluids from non-seep sediments
are low (<1600 dpm/lOOL, unpublished data).
Basalt is generally considered as the source of 226r &for hydrothermal deposits in
deep-sea spreading centers (Macdonald et al., 1980; Dymond et al., 1983; Tivey and
John, 1986; Kadko and Moore, 1988; Stake and Moore, 1991; Kim and McMurtry,
1991; Reyes, 1993; Stuben et al., 1994). This source, however, can be dismissed
because there are no surficial basalts and no evidence of hydrothermal venting has been
reported from the Gulf of Mexico.
Since Ra-rich fluid seepages are pervasive in the study areas (Fu et al., 1996;
Chapter 4), it is reasonable to propose that the 226Ra jn the barites stem from the fluids
which originated as deep-seated formation waters (Chapter 2 and 4).
The 226r 3 activity of barites in Mississippi Canyon is higher than that in Garden
Banks (Table 6.1). By contrast, the 226r 3 activity in the pore fluids from Mississippi
Canyon are lower than that in Garden Banks (Chapter 4, Table 4.1). Therefore, the
difference of 226r u activity in the pore fluids can not explain the 226Ra activity variation
in the barites between the two areas. To understand the process causing the difference of
226fta activity in the barites, I applied the homogeneous distribution law of Henderson
and Kracek (1927) in which the ratio of the concentrations of radium to barium in the
precipitated crystals is proportional to the ratio of the concentrations in the final solution.
It is expressed as follows:
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(Ra/BaJcrystai — D (Ra/Ba)soiution

(4)

where D represents the homogeneous distribution coefficient of Ra and Ba; (Ra/Ba)cryStal
and (Ra/Ba)sojution are 226Ra/Ba ratios in units of dpm/mg in barites and fluids,
respectively.
It is obvious from equation 4 that the radioactivity in the barites are controlled by (i)
the partition coefficient D, and (ii) the Ra/Ba ratio, instead of the absolute Ra
concentration in the fluids. The coefficient D in the two areas is considered to be constant
because of the similar temperature and pressure in the two areas (water depths are 510 and
640 m in Garden Banks and Mississippi Canyon, respectively). Therefore, the difference
in 226Ra activities of the barites between Garden Banks and Mississippi Canyon should
be controlled by the Ra/Ba ratio in the fluids. The calculated Ra/Ba ratio for the most
concentrated fluids in Mississippi Canyon and Garden Banks are 9.2 and 2.7 dpm/mg,
respectively (Table 6.6). Thus, the 226r s activities of barites in Mississippi Canyon are
expected to be 3.4 times that in Garden Banks. This value is close to the observed value
of 2.7 for the barites (Table 6.5). Therefore, the 226r u activity differences of barites
between Mississippi Canyon and Garden Banks are attributed to the different Ra/Ba ratios
of the fluids in the two areas.
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Table 6.6. “ Ra/Ba ratios in barites and fluids.
Barite
deposits
Sampling

Sample

area

name

Garden Banks

Block 382

Ch#2-a
Ch#2-b
Ch#9-T/a
Ch#9-M/a
Ch#9-B/a
Ch#9-T/b
Ch#9-M/b
Ch#9-B/b
Ch#IO-T/a
Ch#IO-M/a
Ch#IO-B/a
Ch#10-T/b
Ch#10-M/b
Ch#10-B/b
93-7-7/1
93-8-5/3/1
93-8-8/3/u
93-8-7/2/u
93-8-7/2/1
93-8-7/3
Average

Ch#ll-F/I
Ch#ll-F/2
Mississippi Canyon 93-1-3/1
93-4-4/1/u
Block 929
93-4-4/1/1
Average

End member
fluids

m Ra

“ Ra/Ba

“ Ra

Ba

“ Ra/Ba

(dpm/g BaSOd)

(dpm/mg Ba)

(dpm/L)

(mg/L)

(dpm/mg Ba)

1452
1184
1279
1246
1339
1229
1346
1174
1125
1332
1250
1345
1211
1302
1352
1545
1502
1203
1725
1271

2.469
2.014
2.175
2.119
2.277
2.090
2.289
1.997
1.913
2.265
2.126
2.287
2.060
2.214
2.299
2.628
2.554
2.046
2.934
2.162
2.246±0.245

2492

919

2.712

3945
3697
3797
2701
3940

6.709
6.288
6.458
4.594
6.701
6.150*0.888

739

80

9.238

Note: Pore fluids 2SS9-2-32 and 3566-1-21 are representatives of end member fluids in Mississippi Canyon and
Garden Bnaks, respectively (see Chapter 2). Their 226Ra activities are from Chapter 4.
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6.5.8 Fluxes of radium-rich fluids from point sources
It is important to know the fluxes of the radium-rich fluids from which the Gulf of
Mexico barite precipitated. The following approach, modified from Aharon and Van Gent
(1997), is used to estimate the radium flux from a point source.
Given the radioactivity of fluid seepage and the growth rate of the radioactive barite
chimney, the flux of radium in dpm/yr can be determined according to the following
equation:

F = (VpARai)/t

(5)

where F is the average flux of radium in dpm/yr; V is the volume of the barite deposit in
cm2; p is the density of the barite deposit in gm/cm2; t is the duration of growth (Ra-rich
fluid emission) in years; and Ra, is the average total initial radium activity in dpm/gm
scavenged by the barite. The Raj is the summation of the two dominant radium isotopes,
226Ra jmd 228Ra During the initial fluid emission at t = 0, this value can be calculated
from the actual measurements of radium activities as follows:

ARai = 226Rai + 228Rai

where 226Ra-

(6)

228Ra- are the initial activities in dpm/gm of the two radium isotopes.

Due to the long half life of 226Ra (1,600 yrs) and the young ages of the barite deposits (<
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30 yrs), the measured 226r s values can be used as 226r 3j 228Raj can ^ obtained from
the following equation:

228Rai = 226Rai(228Ra/226Ra)i

(7)

where (228Ra/22^Ra)i is the initial 228Ra/22^Ra activity ratio of the barite deposits.
Equation (5) can be utilized to calculate the radium fluxes of barite deposits with any
shapes. For illustrative purposes, I assume that barite deposit forming on top of a pointsource emission site has a truncated conical-shape form (Fig. 6.27), which is similar to
the observed morphologies of the chimneys and the crusts blanketing mud-volcanoes in
the Gulf of Mexico. For a truncated conical-shape barite chimney, the radium flux in
dpm/yr units from a point source can be determined by the following equation:

F = [l/37th(r,2+r22 + r,r2)pARa(i)]/t

(8)

Where rj and r2 are the radii of the base and the top respectively of a truncated
conical barite feature in cm and h is the height of the chimney in cm (Fig. 6.27).
Since the term h/t in equation (8) equals to the average growth rate of the chimney,
this equation can be rearranged into:
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Figure 6.27. Morphologically dominant, truncated conical-shaped
barite chimneys used in the modeling of radium fluxes (see text).
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F = l/37rc(r,2+r22 + r,r2)pARa(i)

(9)

where %is the vertical average growth rate in cm/yr.
By using equation (9) and the parameters in Table 6.7, fluxes of radium emission
from three barite chimneys are calculated and their values are 1.2x10^ and 1.43x10)6
dpm/yr in Garden Banks and 3.5x10^ dpm/yr in Mississippi Canyon (Table 6.7). The
highest total radioactivity (A22*>Ra + A22^Ra) measured in pore fluids from barite areas
are 5.2x10)5 an£j 1.2x10)5 dpm/100L (see Chapter 4, Table 4.1) in Garden Banks and
Mississippi Canyon, respectively. Thus, leakage of 230 to 270 L/yr of fluids in Garden
Banks and 2920 L/yr of fluids in Mississippi Canyon from a single point source are
required to account for the radium present in the barite chimneys (table 6.7).
The fluxes estimated here on the basis of barite deposits are likely to represent
minimum values because an unknown amount may have leaked into the water column,
some may have also been uptaken by the carbonates and the chemosynthetic fauna
surrounding the seepage sites (Aharon and Van Gent, 1997).
6.6 CO NCLU SIO N S
1.

Both 22^Ra and 22®Ra isotopes in the Gulf of Mexico barites are orphans in the

sense that their respective parents 23&U and 2^2Th are absent in the barites. If so, the
barite ages could be determined by using 228Th/228Ra and 2 ^ P b /226Ra dating
techniques. Because of the different useful ranges of these two dating methods, the
228Th/22^Ra method is most accurate for dating the young chimneys whereas
2 10pb/226Ra method is more suitable for dating the older crusts.
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Table 6.7. Fluxes o f radium-rich fluids calculated from barite chimneys.
Chimney Top radius Bottom radius
name

(cm)

Growth rate

Density

Raj

RaFlux

Fluid flux

(cm)

(cm/yr)

gm/cm3

dpm/gm

dpm/yr

L/yr

Garden Banks block 382
Ch#6

2.0

4.0

9.3

2.6

2000

1.4xl06

270

Ch#8

2.0

3.5

8.9

2.6

2132

1.2xl06

230

7.0

4.4

2.6

3987

3.5xl06

2920

Mississippi Canyon block 929
Ch#ll

2.5

Note: Raj is the mean total initial radium activity in dpm/gm scavenged by the barite (see text).
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2. The excess 210pb occurring in the sulfides contained by the crusts tend to
compromise the 210pb/226pa ages 0f the barites. Removal of the sulfides from barites
eliminates the excess 21 Oph

^lows sensible dating.

3. The ages of chimneys range from 0.5 to 6.5 years old whereas the ages of crusts
range from 9.0 to 23.1 years old. These results indicate that the Gulf of Mexico barite
deposition is likely to be a recent event.
4. The growth rates of the barite chimneys are about 9.1 cm/yr in Garden Banks and
4.4 cm/yr in Mississippi Canyon. The regional difference in growth rates may be caused
either by different fluid seepage rates, and/or by dissimilar Ba concentrations in the fluids.
The growth rates during the buildup of a single chimney are variable. The chimney grows
slow in the early stage of its buildup and faster with growth. The accelerated growth can
be explained either by the decrease of chimney circumference, as the chimneys grow
higher, or the increase in the flux rates of fluids with time.
5. The initial 228py/226Ra 0f the barites show regional and temporal variations. At
the regional scale, the initial 228Ra/226pa vary from q . 9 to 1.2 in Garden Banks and
from 0.6 to 0.8 in Mississippi Canyon. The regional variations can be explained by
differences in either fluid sources and/or fluid migration time. The temporal variations in
the initial 228pa/226pa Qf the barites could be caused by the variations of fluid seepage
rates through time.
6. The presence of 228r u jn the seepage fluids, inferred from the 228pa hi the
barites, indicates that the maximum migration time for the fluids in both Mississippi
Canyon and Garden Banks areas were less than 20 years.
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7. Because the initial 228Rg/226Ra Qf the barites are variable, the measured
228Ra/226Ra can not be used to calculate an accurate age of the barites.
8. The specific 226r u activities of the Gulf of Mexico barites range from about
1,000 to 4,000 dpm/g, which are comparable with the barite-rich hydrothermal deposits
found at the deep-sea spreading centers but are two to four orders of magnitude higher
than those of marine barites and sulfide-rich hydrothermal deposits. The high
concentrations of 226r u jn the Gulf of Mexico barites are sourced in the seeping fluids.
9. The estimated radium fluxes from a point source are 230 to 270 L/yr in Garden
Banks and 2920 L/yr in Mississippi Canyon.
10. This study indicates that much can be learned about the processes, duration and
periodicity of the hydrocarbon seepage in the Gulf of Mexico by a careful and systematic
study of uranium and thorium series nuclides in the barites.
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CHAPTER 7

SULFUR, OXYGEN AND STRONTIUM ISOTOPE COMPOSITIONS OF
THE BARITES: ORIGIN AND DEPOSITIONAL MODEL

7.1 INTRODUCTION
Documentation of the Gulf of Mexico (GOM) barites has far-reaching significance
in terms of hydrocarbon exploration, production and environmental assessments in the
Gulf of Mexico because of the intimate association of the barites with hydrocarbon seeps
and high radioactivity of the barites (see Chapter 6 ). However, any implication inferred
from the GOM barites will be challenged by the correct interpretation of the origin of the
barites.
Sulfur, oxygen and strontium isotopes are commonly used to decipher the origin of
barite (Sakai, 1971; Claypool et al., 1980; Cecile et al., 1983; Kesler et al., 1988). This
is because sulfur and oxygen isotopes are reliable indicators of the source of sulfate
whereas the strontium isotopes are excellent tracers of fluid sources and transport history.
In this chapter I have attempted to use these three isotopic tracers to interpret the origin of
the barites based on the data in hand and sketch a depositional model for these highly
unusual occurrences.
7.2 METHODS
Samples were purified with a modified procedure described by Church (1970) for
sulfur, oxygen and strontium isotope analyses of barite. Samples were first treated with 6
N HC1 to decompose calcite, dolomite, and iron oxide. Organic phases were then
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removed by reaction with warm (about SO °C) sodium hypochlorite. Silicate minerals
were neglected due to their low concentrations (< 1 % by volume).
&34s and 5 ^ 0 of barites were measured using the same methods as described in
Chapter 2 for the analyses for 534s and 5 ^ 0 of dissolved sulfate in the pore fluids.
For strontium isotope analysis pure barite was decomposed with sodium carbonate
(Sr free Na2 C0
barite,

1

3

) using the method modified from Breit et al. (1985). About 0.1 g of

g of sodium carbonate and 2 0 0 ml of triple-distilled water were mixed in a

Teflon beaker. The beaker was covered and heated at 95°C for 4 hours. After cooling the
solid residue (SrC03 and BaC03) were separated by filtration. The residue is rinsed
thoroughly with triple-distilled water to remove sodium and sulfate. The SrC0

3

and

BaC03 obtained were dissolved with 6 N HC1 and Sr was then separated using standard
ion chromatography techniques. 87sr/86sr ratios were measured on a Finnigan MAT
262 six collector thermal ionization mass spectrometer (TIMS). The results are
normalized to 87sr/86sr of NBS-987 = 0.71023 and to 8 6 sr/ 8 8 s r = 0.1194 and carry an
estimated analytical error of ± lx l0 '5 (2 o).
For carbon isotope analysis of carbonates in the crusts, powders of barite crusts
were dissolved at 50°C in 100% H3 PO3 under vacuum, and 5 ^ C of the carbonates
were determined on the cryogenically purified CO2 using an automated Nier-type triple
collector mass spectrometer. The isotope data are reported in the conventional "5"
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notation in permil relative to the PDB standard. Accuracy and precision for 8 ^ C is
within 0 . 1 ° /o o .
7.3 RESULTS
Sulfur, oxygen and strontium isotope compositions of barite, along with the carbon
isotope compositions of carbonates in the crusts are tabulated in Table 7.1. As described
in preceding chapters (Chapter 5 and 6 ), these barites were taken from two areas, Garden
Banks block 382 and Mississippi Canyon block 929. Barite chimneys from the two areas
have similar 834s and 8180 compositions and range from 20.3 to 21.6 0 / 0 0 (CDT) and
from 9.6 to 11.7°/oo (SMOW), respectively (Table 7.1 and Fig. 7.1). These values are
similar to or slightly higher than those of modem seawater sulfate (834s = 20.3o/oo CDT
and 8 I 8

0

= 9.7o/oo SMOW, Cecile et al., 1983; Faure, 1986). Generally, samples from

inner side of chimneys tend to yield relatively higher 834s and 8 1 8 0 values than samples
from outer part of chimneys (Table 7.1 and Figure 7.2). In sharp contrast, 834s and
8180 values of barite crusts range from 26.1 to 62.3°/oo CDT and 12.4 to 21.9°/oo
SMOW resnertivelv which are annmalouslv enriched in both 34s and 180 relative to
—

,

r

-

*

'

•

the modem seawater sulfate (Table 7.1 and Fig. 7.1). Most barite crusts exhibit two
sublayers: the upper layer is light gray and the lower layer exhibits a black or deep gray
color. S34s and 8 1 8 0 values of lower layers are generally higher than those of upper
layers (Table 7.1).
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Table 7.1. S, O and Sr isotope compositions o f G ulf o f Mexico barites.
ly p e n r
■ M fk

B a r ite

chimneys

B a r ite

c n u te

Sl>0 ( S 0 4)

5**S (S 0 4)

CaCQ 3

SUC (C aC O ,)

8* * 0 (CaCOy)

(°A »SM O W )

(“/o o C D T )

(*>

(“tooPDB)

(°3uo PDB)

Bariie chimneys from Garden Banks block 382
CM2-a
inner part, deep gray
outer pan, light gray
Ch»2-b
inner pan, deep gray
CMH-a
Ch*4-b
middle pan, gray
CMW-c
outer pan, rcdish
CMS-a
inner pan, gray
outer pan. redish
Ch#5-b
Cb#9T/s
lop, inner pan, gray
Ch#9-T/b
lop, ccnier pan, yellow
CM9-T/C
topAuier pan, orange
Ch#9-M/a
middle, inner pan, yellow
CM9-MA
middle, inner pan. gray
CM9-M/C
middle, ccnier pan, yellow
middle, outer pan, red
CM9-MM
bottom, inner pan, gray
CM9-B/a
bottom, center pan, yellow
Cb*9-B/b
Ch#9-B/c
bottom, outer pan. red
CMlO-TAi
top, inner pan, gray
CWIO-T/i
top, outer apn, ted
middle, inner part, gray
CMMO-Ma
CMUO-Mb
middle, outer pan, red
CMIO-B/a
bottom, inner pan, gray
CMIO-B/b
bottom, outer pan, red

9.9
10.0
10.8
9.6
9.7
10.2
9.6
10.9
10.2
9.7
11.7
10.9
99
9.8
10.7
9.8
99
10.0
9.9
9.9
99
10.3
9.9

209
20.5
21.5
20.6
20.4
20.7
20.3
21.6
21.1
20.3
21.3
20.4
209
20.1
21.3
20.9
20.2
20.3
20.3
20.4
20.3
209
20.3

Bariie chimneys from Mississippi Canyon
CMIII-a
inner pan. gray
CMll-b
outer pan, orange

10.7
9.8

20.3
20.1

-

-

-

0.70848
0.70849

Bariie cnists from Garden Banks block 382
&-93-7-7I
lighlgray
Cr-93-8-:i/3/l
lower pan, deep gray
Cr-93-8-.i/3/u
upper pan, gray
lower pan, black
Cr-93-8-'/2/I
upper pan, gray
0-93-8 -V2/u

1X9
139
12.7
159
12.4

28.1
28.9
269
33.6
26.1

80
522
163

-27.3
-21.0
-24.1

4.4
42
X6

0.70857
*
*

Bariie crisis from Mississippi Canyon Hock 929
0-93-1-3/IA
lower pan, black
upper pan. deep gray
Cr-93-l-3/l/u
lower pan, dark
0-93-4-4/1/1
93-93-4-4/l/u
upper pan. gray

21.9
219
14.3
12.6

62.3
619
33.0
28.7

63.6
56.8
26.3

-36.2
-299
-31.2

2.8
2.9
3.1

0.70845
*
-

Sam ple

D escription of
sam ple

^ S r^ S sr

0 70858
0.70861
*
.

*
0 70859
0.70B58

.

.
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Figure 7.1. Sulfur and oxygen isotope compositions of GOM
barites (n = 34). Sulfur and oxygen isotope compositions of
the chimneys are similar to those of modern seawater sulfate.
In contrast, the crusts are enriched in both 34s and
relative
to seawater sulfate.
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9.7

Ch#9-T

20.3

9.8

Ch#9-M

Ch#9-B

20.1

10.9
20.4 I 21.3

9.5

9.8

10.7

20.2

20.9

21.3

19 cm

Figure 7.2. Sulfur and oxygen isotope compositions profile of chimney# 9.
Note: sulfur and oxygen isotope compositions of the barite increase laterally
from the outer part to the inner part of the chimney.
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87sr/86sr ratios of barite chimneys and crusts range from 0.70845 to 0.70861
which are significantly lower than the ambient Gulf of Mexico deepwater (0.70917, see
Chapter 2, Table 2.1). Small regional variations in 87sr/86sr ratios exist between the
two areas. As shown in Figure 7.3, barite chimneys and crusts from Garden Banks have
higher 87sr/86sr ratios (0.70857 - 0.70861, n = 5, Table 7.1) than the chimneys and
crusts from Mississippi Canyon (0.70845 - 0.70849, n = 3, Table 7.1).
The 8 13c compositions of carbonates in the barite cnists range from -71,0 to 36.2°/oo PDB (Table 7.1), which are substantially depleted in

relative to the ambient

seawater (0 .6 °/oo).
7.4 DISCUSSION
Two questions need to be addressed in order to delineate the origin of the GOM
barites: (i) the source of SO4 , and (ii) the source of Ba, Sr and Ca. In the following I first
discuss the possible sources of SO4 , Ba, Sr and Ca, and then establish the depositional
model for the GOM barites.
7.4.1 The source of sulfate in the barites
Sulfur (S ^S ) and oxygen ( 8 ^ 0 ) isotope compositions are commonly used as
indicators of the source of S0 4 ^~ because they preserve the identity of the sulfate in the
fluids from which the barites precipitated (Church, 1970; Sakai, 1971; Cecile et al.,
1983). The following are the most common sources of sulfate attributed to marine
barites.
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Figure 7.3. ^ S r / ^ S r ratios of Gulf of Mexico barites and seawater. Notes: MC and GB represent
Mississippi Canyon and Garden Banks, respectively. The 8”7Sr/8(>Sr ratios of MC and GB end
member fluids are from Chapter 2.
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(1) Barites precipitated from normal seawater have similar oxygen and sulfur
isotope compositions to those of the coeval seawater sulfate which varied through the
geological time (Cecile et al., 1983). The 834s and 5 ^ 0 compositions of modem
seawater sulfate are constant within narrow limits and are represented by a mean S ^ S
value of 20.3°/oo CDT and a mean 8 ^ 0 value of 9.7% o SMOW, respectively (Cecile
et al., 1983; Faure, 1986). The constancy and oceanic uniformity are due to the rapid
mixing rate of the oceans and the long residence time of sulfate in seawater (i.e., 12.3
Ma, Drever, 1982). In modem pelagic sediments most large barites (>5 pm), interpreted
to be precipitated from seawater (Church, 1970), match or are slightly heavier in both
oxygen and sulfur isotope compositions relative to modem seawater sulfate.
(2) Barites formed in anoxic environments display heavier 834s and 8 ^ 0 values
than those of the coeval seawater sulfate. The enrichments of 34s and

of barites are

ascribed to the reduction of sulfate ions by anaerobic bacteria such as Desulfovibrio
(Berner, 1971). During bacterial reduction, sulfates containing

and 32s isotopes are

preferentially metabolized (Rafter and Mizutani, 1967; Sakai, 1971; Mitzutani and Rafter,
1973; Claypool et al., 1980; Cecile et al., 1983). Thus, barites precipitated from a
residual sulfate reservoir will display heavier S ^ S and 8

^ 0

values than those of the

coeval seawater sulfate. This process has been used to explain the heavier 8 ^^S and
8 ^ 0 values of barite off the California coast (Goldberg et al., 1969; Sakai and Krouse,
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1971), barite concretions from the Japan Sea (Sakai, 1971), and barite nodules and
rosettes of Late Devonian age in Nevada (Rye et al., 1978).
(3) Barites can also form by oxidation of sulfides. Since most sulfides have highly
negative S ^ S values, barites formed by this process often exhibit light sulfur isotope
compositions. The 5 ^ 0 of the barites formed by this process varies depending on the

5

18o values of dissolved oxygen (C>2 ) and the water (H2 O) from which the barites

precipitated. This is because three of the four sulfate oxygens are derived from dissolved
oxygen (02) and the forth one from water (H2 O) during the oxidation of sulfides (Lloyd,
1968). Smaller barites (<5 pm) in modem pelagic sediments usually show lighter S ^ S
values than modem seawater sulfate and were explained by this sulfide oxidation process
(Church, 1970).
(4) Barites formed by mixing of barium-rich hydrothermal fluids with sulfate-rich
cold seawater are common in submarine hydrothermal vent sites (e.g. Peter and Scott,
1988; Kusakabe et al., 1990). In this case, the S-^S of barites are controlled by the
mixing of the following sources: (i) seawater sulfate (S^^S = 20.3°/oo CDT); (ii)
sulfides and sulfate leached from basalt (fP^S of about 0°/oo CDT), and (iii) residual
seawater sulfate after thermal chemical sulfate reduction occurred at high temperatures
(834s > 20.3°/oo CDT). Therefore, the 83^s values of hydrothermal vent barites
depend on the proportions of the above sources in the mixture of the fluid from which the
barites precipitated (Zierenberg et al., 1984; Bertin and Keene, 1987; Strizhove et al.,
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1988; Kusakabe et alM1990). The 8 ^ 0 values of hydrothermal barites are controlled
primarily by the ambient temperature which determines both the degree of sulfate
reduction and the extent of oxygen isotope exchange between dissolved sulfate and water
(Lloyd, 1968; Bertin and Keene, 1987; Kusakabe et al., 1990; Urabe and Kusakabe,
1990).
Concerning the GOM barites, it is important to note that both 8 ^ S and 8 ^ 0 of the
chimneys are isotopically similar to modem sea water sulfate. Therefore it is apparent that
seawater sulfate has been the chief contributor to the formation of the barite chimneys.
Modem seawater can be dismissed as a source for the crusts because of their substantially
heavier 834s and 8 ^ 0 values relative to modem seawater sulfate. The possibility that
the crusts formed by oxidation of sulfides is also ruled out because this process should
yield lighter rather than heavier 834s values. Sulfate reduction at high temperature could
cause enrichments of 34s and

in barites because sulfates containing

isotopes are preferentially reduced there (Lloyd, 1968). Enrichment of

and 32s
in barites can

also be attributed to isotope exchange between dissolved sulfate and water, accelerated at
higher temperatures, and cause the oxygen isotope composition of sulfate to shift toward
the equilibrium sulfate-seawater value of 38% o SMOW (Lloyd, 1968; Zierenberg et al.,
1984; Bertin and Keene, 1987; Kusakabe et al., 1990; Urabe and Kusakabe, 1990).
Regarding the GOM barites, however, the temperature factor seems to be insignificant in
controlling the S34s and 8 ^ 0 of the barites because our direct observations indicate
relatively cold (8.6°Q and practically invariable bottom-water temperatures.
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I suggest that the enrichments of 34s and 1^0 in the GOM barite crusts are caused
by bacterial reduction of seawater sulfate. This interpretation is corroborated by the
following three lines of evidence. First, SEM analyses reveal that the crusts consist of up
to 8% by volume pyrite (see Chapter 5). During bacterial sulfate reduction to H2 S, the
gas may escape from the system or react with ferrous iron to form pyrite. Therefore the
presence of pyrite in the crusts is a good indicator of sulfate reduction. Second, the 8 ^ C
of calcite in the crusts ranges from -21 to -36°/oo PDB (Table 7.1). These light isotope
values suggest that the carbonate-carbon is derived from the microbial degradation of
organic phases (most likely thermogenic methane). As discussed in Chapter 3, during
bacterial sulfate reduction, reduced carbon is oxidized to produce HCO3 ', which is
precipitated as authigenic carbonate with light S ^ C inherited from the fossil fuel- derived
carbon. Thus, the light 5 ^ C values of calcite strongly indicate the occurrence of sulfate
reduction during the formation of the barite crusts. Finally, SEM analyses reveal that
some filamentous features are common in the barite crusts (Fig. 7.4 A). The EDS
analyses indicate that these filaments are coated with pyrite (Fig. 7.4 B). It is therefore
likely that these filaments represent dead sulfate reducing bacteria entombed in a
derivative (pyrite) of their own wastes (H2 S).
The enrichments in 34s and 1^0 relative to the seawater in samples from inner side
of chimneys (Table 7.1 and Fig. 7.2) suggest that sulfate reduction also occurred during
the formation of the interior of chimneys. However, the sulfate reduction rate and
intensity occurring in the chimneys must be lower than that occurring in the crusts. This
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Figure 7.4 SEM view of filamentous features occurring in the
barite crusts believed to represent dead sulfate-reducing bacteria.
A: Tangled filaments. B: Close up of a pyrite-coated filament.
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is because the enrichments in 34s and

relative to the seawater in chimneys are much

smaller than those in the crusts (Fig. 7.1). For example, the 834s of barite crusts are as
high as 62.3°/oo (CDT, Table 7.1), which indicates that up to 95% of seawater sulfate
has been reduced based on the values of 834s and the concentration of sulfate in pore
fluids (see Chapter 3, Table 3.1). In contrast, the highest 834s value in chimneys is
21.6°/oo (CDT, Table 7.1) suggesting about only 5% of seawater sulfate has been
reduced. In addition, sulfate reduction rates in chimneys appear to be lower than those in
crusts. This is because S34s/S^O ratios tend to increase with reduction rate and, as
shown in Figure 7.5, all chimney data fall below the line with slope of 2:1 (Fig. 7.5A)
whereas all crust data converge along the line with a slope of 3.7:1 (Fig. 7.5B).
7.4.2 The source of major and trace elements (Ba, Sr and Ca) in the
barites
The mechanism for the formation of barite from normal seawater is problematic
because modem oceans are commonly undersaturated with respect to barite due primarily
to their lower concentration of Ba (e.g., the average concentration of barium in seawater
is about 14 ppb, while the saturation value is 44 to 50 ppb, Church and Wolgemuth,
1972). Two barium sources have been proposed to explain the occurrence of barite in
normal marine sediments. One source of Ba is from dissolution of biologically-derived
inorganic and organic compounds in sulfate-rich micro-environments (e.g., Church,
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Figure 7.5 Relationship between S ^ s and 8 ^ 0 of barites.
A: Chimneys; B: Crusts. Note: The S ^ S /S ^ O ratios of crusts
are higher than those of chimneys, which suggests that reduction
rates in crusts are greater than those in chimneys.
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1970; Dehairs et al., 1980). The other source is from barium-rich brine seeps (e.g.,
Hanor, 1982).
Our direct observations during submersible dives indicate a close association of
barite deposits with gaseous hydrocarbon seeps. In addition, high concentrations of Ba
(up to 800 ppm) were measured in the pore fluids sampled from barite deposition areas
(see Chapter 2, Table 2.1) and all these pore fluids are supersaturated relative to barites
(Appendix D). Therefore it is evident that the most likely source of Ba for the GOM
barites is the fluids advecting to the seafloor and derived from formation waters
ascending through fault conduits.
Sr and Ca are generally the next most abundant elements after barium in the barite
due to their similar ionic radii (1.13 A for Sr2+, 0.99 A for Ca?+ and 1.35 A for Ba^+).
However, compared with barites from hydrothermal and marine settings, the GOM
barites are anomalously enriched in Sr and Ca by a factor of about 15 and 28,
respectively (see Chapter 5, Fig. 5.10). This observation suggests that the Sr and Ca of
the GOM barites must be derived from a source other than the Gulf of Mexico seawater.
As shown in Chapter 2, in addition to Ba, the pore fluids (pore fluids type IB) sampled
from barite deposition sites are also highly enriched in Sr (up to 250 ppm) and Ca (up to
3000 ppm) relative to modem GOM bottom waters (7.4 ppm and 389 ppm for Sr and Ca,
respectively, Aharon et al, 1992). It is therefore self-evident that the Sr and Ca are
derived from venting fluids. This interpretation is strongly supported by the similar
87sr/86sr ratios in the barites to those in the venting fluids. As shown in Figure 7.3,
87sr/86sr ratios of barites (including chimneys and crusts) from Garden Banks
(0.70857-0.70861) are slightly higher than those from Mississippi Canyon (0.70845-
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0.70849). However, their values are very close to the saline end member fluids in each
area (The 87Sr/86Sr ratios for the saline end member fluids in Garden Banks and
Mississippi Canyon are 0.7085410.00001 and 0.7084310.00001, respectively, see
Chapter 2, Table 2.2). The slightly higher 87Sr/8^Sr ratios in barites than the end
member fluids may result from the addition of Sr from seawater (0.70917). The
contribution of Sr from seawater in the formation of barite can be estimated from the
following simple mass balance equation:

A (87Sr/86Sr)sea + ( 1-A) (87Sr/86Sr)em = (87Sr/86Sr)br

(1)

where A is the fractional contribution of Sr from seawater, and br subscripts are the
87Sr/8^Sr ratios of seawater (0.70917), end member fluids (0.70854 and 0.70843 for
Garden Banks and Mississippi Canyon, respectively) and barites, respectively. Using the
highest 87Sr/8^Sr ratios in the barites (0.70861 and 0.70849 for Garden Banks and
Mississippi Canyon, respectively, Table 7.1), the equation above indicates that the
maximum amounts of Sr from seawater are 11% and 8% for the barites in Garden Banks
and Mississippi Canyon, respectively.
7.4.3

Deposifional model of the GOM barites

The isotopic compositions of barites presented above allow to draw some
conclusions regarding their origin. In general, the GOM barites formed by the mixing of
sulfate-rich seawater with Ba, Sr, and Ca-rich formation fluids advecting with the
hydrocarbons. The chimneys formed at or above the sediment/water interface whereas the
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crusts formed below the sediment/water interface and precipitated from residual seawater
sulfate left over from a pool of pore water sulfate consumed by sulfate-reducing bacteria
in a closed or semiclosed system (Fig. 7.6).
Since the chimneys formed in oxidizing environments at or above the
sediment/water interface, they preserve the sulfur and oxygen isotope compositions of
seawater sulfate. Slightly heavier S ^ S and 8 ^ 0 values measured in some samples from
the inside of the chimneys may have resulted from weak bacterial sulfate reduction in the
micro-environments.
The sulfur and oxygen isotope compositions of the barite crusts clearly place their
formation in anoxic environments below the sediment/water interface where extensive
sulfate reducdon occurred. Therefore, it is reasonable to suggest that the extensive
bacterial sulfate reducdon in the pore fluids preceded the Ba, Sr, and Ca-rich fluids
vendng through the sediments. Prior to the formadon of the crusts, the pore fluids must
have been enriched in H2 S, HCO3 ' with light 8 ^ C , and impoverished in SO4 with
heavier

and 5 ^ 0 due to sulfate reducdon using organic carbon substrate. When the

Ba, Sr, and Ca-rich fluids vented through the sediments and mixed with the pore fluids,
light S^C-calcite and heavy S ^ S and 8 ^ 0 barites co-precipitated due to the
supersaturadon of the fluid with respect to both calcite and barite. This model explains
why most calcite and barite in the crusts are interlocked showing mosaic textures (see
Chapter 5, Fig. 5.6). Pyrite could have precipitated before or after the fluid venting
through the sediments depending on whether the source of ferrous iron was from
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Figure 7.6. Depositional mode! of GOM barites. Note that chimney and crust are not shown to scale.
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sediments or from the venting fluids. The heavier S ^ S and 8 ^ 0 values in the lower part
than the upper part of crusts (Table 7.1) agrees well with the observation that 834s and
8 ^ 0 of dissolved sulfate in the pore fluids increase with depth (see Chapter 3). Sulfate
reduction using thermogenic methane is inferred on the basis of S ^ C of carbonates in the
crusts (-21 to -36°/oo PDB, Table 7.1). This is consistent with the observation from
submersible that intensive gaseous hydrocarbon is vented in barite deposition areas.
7.5 CO N CLU SIO N S
1. 8 ^ S and 8 ^ 0 values of chimneys range from 20.3 to 21.6o/oo CDT and from
9.6 to 11.7o/oo SMOW, respectively. These values are similar to modem seawater
sulfate. In contrast, the 834s and 818

0

values of barite crusts range from 26.1 to

62.3o/oo CDT and 12.4 to 21.9o/oo SMOW, respectively, which are anomalously
enriched in both 34s and

1 8 0

relative to modem seawater sulfate.

2. 87sr/86sr ratios of barite chimneys and crusts range from 0.70845 to 0.70861
which are significantly lower than modem seawater, but these values are similar to those
of saline end member fluids venting in barite deposit areas.
3. The GOM barite deposits formed by the mixing of sulfate-rich seawater with Ba,
Sr, and Ca-rich formation fluids advecting with hydrocarbons. The chimneys formed at
or above the sediment/water interface whereas the crusts formed below the
sediment/water interface and precipitated from residual seawater sulfate left over from a
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pool of pore water sulfate consumed by sulfate-reducing bacteria in a closed or semi
closed system.
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CHAPTER 8

CONCLUSIONS

The major conclusions of this study are:
1. Three chemical types of pore fluids associated with hydrocarbon seeps occur in the
deepwater Gulf of Mexico. Two are derived from the ambient seawater, but their chemical
compositions are altered by microbial interactions and by dissolution of sub-seafloor salt
diapirs. The third type is derived from deep-seated formation waters.
2. The principal microbial processes in seep sediments are sulfate reduction and
methanogenesis. While sulfate reduction occurs both under bacterial mats and mussel
beds, methanogenesis probably occurs only under mussel beds. The frequent occurrence
of authigenic carbonates in mussel beds may be caused by rapid sulfate reduction using
thermogenic/biogenic methane. The process drastically increases carbonate alkalinity in the
pore fluids, and triggers carbonate precipitation.
3. Sulfur and oxygen isotope fractionation factors between sulfate and sulfide
decrease, while sulfate reduction rates increase, from background sediments to bacterial
mats to mussel beds. This observation confirms the results of previous studies. The
present study demonstrates that S^^S/S^O ratio is variable and proportional to the
reduction rates, and contradicts a previous claim of a fixed 4/1 ratio.
4. Formation-water-derived fluids emerging on the seafloor are anomalously enriched
in radium and barium relative to seawater by factors of up to 21,000 and 34,000,
respectively. Their migration time from the source to the seafloor is established to be < 20
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years. This newly discovered radium source from seeps, internal to the Gulf of Mexico,
may explain the previously reported higher levels of 226r 3

the water column of the

Gulf compared to those of the inflowing Caribbean Sea waters.
5. The barite chimneys are dominated by barites, whereas the crusts consist of both
barite and calcite (also dolomite). The Gulf of Mexico seep barites are anomalously
enriched in Sr and Ca by comparison with barites from hydrothermal and normal marine
settings elsewhere.
6. Sulfur, oxygen and strontium isotope compositions indicate that the Gulf of Mexico
seep barite deposits formed by the mixing of sulfate-rich seawater with Ba-, Sr-, and Carich formation fluids seeping with the hydrocarbons. The chimneys formed at or above the
sediment/water interface whereas the crusts formed below this interface. The crusts
precipitated from residual seawater sulfate present in the pore fluid. This sulfate was partly
consumed by sulfate-reducing bacteria in a closed or semi-closed system.
7. The high concentrations of 226r 3 and 228r 3 jn the Gulf barites are sourced in the
seeping fluids. Radiometric dating by Ra isotopes indicates that chimney ages range from
0.5 to 6.5 years whereas the crust ages range from 9.0 to 23.1 years. The growth rates of
the chimneys vary from 4.4 cm/yr to 9.1 cm/yr. These results indicate that the barite
deposition is a fast and recent event.
8. Much can be learned about the processes, duration, and periodicity of the
hydrocarbon seepage in the Gulf of Mexico by a careful and systematic study of uranium
and thorium series nuclides in the barites. Further studies should be oriented towards: (i)
determining the source(s) and origin of Ba and Ra in the fluids by analyzing the formation
waters from different reservoirs; (ii) investigating the effects of the Ra and Ba from
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natural fluid seepage on the Gulf water by analyzing the water column above seeps; (iii)
clarifying the relationships among types of seeping hydrocarbons, distribution of
chemosynthetic communities, and occurrence of authigenic carbonates in seeps by
studying the chemical and isotope compositions of hydrocarbons, pore fluids and seep
sediments; and (v) verifying by laboratory experiments the relationship between
S ^ S /S ^ O ratio in sulfate and the sulfate reduction rates.
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APPENDICES

A pH CORRECTION IN PORE FLUID

Because of intensive bacterial activity in the seep pore fluids, it is imperative to
spike the sample with HgCl2 immediately after recovery. The addition of HgCl2 ,
however, lower the sample pH because the dissolved sulfide in the pore fluids reacts with
the additive HgCl2 to produce HC1. Two experiments were designed to reconstruct the
initial pH: (i) quantifying the change of pH by adding different amounts of sodium sulfide
into seawater, and (ii) determining the effects of dissolved sulfide on the pH in the pore
fluids by measuring the pH before and after adding HgCl2 into pore fluids whose
concentrations of dissolved sulfide were known. The experiment data are tabulated in
Table A1 and illustrated in Figure A l. These experiments indicate that the addition of
dissolved sulfide to the fluids increases pH and the increment depends on the amount of
sulfide added. Based on the experimental data, the following equation is obtained in order
to get the correct initial pH of the pore fluids:

pHc = pHm + ApH

where pHc stands for the corrected pH, pHm is the measured pH of pore fluids
containing HgCl2 , and ApH is the correcting factor which depends on the concentration
o f dissolved sulfide in the pore fluids. The following equation was obtained based on the
experiment data listed in Table A l to calculate the ApH:
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ApH = 0.22 + 0.11* (S’2) - 2.63 * 10A(-3) *(S'2)A2

where S" 2 is the concentration of dissolved sulfide in pore fluids in units of mM/L. The
initial pH of pore fluids corrected by this method are listed in Table 3.1.
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Table Al. Experimental results showing the effects of dissolved sulfide on the pH of pore fluids.
Experiment 1

Experiment 2

Sulfide added (mM/L)
Measured pH
ApH

0.00 0.15 0.31 0.50 0.67
7.78 7.90 7.95 8.00 8.05
0.00 0.12 0.17 0.22 0.27

Sulfide concentration (mM/L)

0.24 0.87 1.47 5.11

pH (before adding HgCI.)

7.40 7.80 7.80 8.00 7.75

8.10

pH (after adding HgCL)
ApH

7.20 7.35 7.30 7.20 6.75
0.20 0.45 0.50 0.80 1.00

6.65
1.45

0.83
8.10
0.32

1.07 1.37 1.60 1.96 2.29 2.63 2.99 3.40 3.82 4.27 4.92 5.68 6.56 8.22 9.23
8.10 8.15 8.20 8.22 8.25 8.30 8.32 8.38 8.40 8.40 8.45 8.52 8.60 8.70 8.80
0.32 0.37 0.42 0.44 0.47 0.52 0.54 0.60 0.62 0.62 0.67 0.72 0.80 0.90 1.00

13.21 18.93 24.28 30.97 35.65
8.95 9.55 9.55 9.55 9.54
1.15 1.35 1.35
1.35 1.34

8.66 19.30

Noic: Experiment I was conducted with sea water while experiment 2 was done with seep pore fluids.
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Figure A l. Effects of dissolved sulfide on the pH of pore fluid. Solid
circles represent the change in pH caused by addition of different
amounts of sulfide to the seawater. Empty circles represent the difference
in pH measured before and after adding HgCl2 into the pore fluids with
known dissolved sulfide concentrations.The equation shown here is
derived from the data of the two experiments. This equation was used to
correct the measured pH based on the concentration of hydrogen sulfide in
pore fluids.
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B DETERM INATION O F TH E DEGREE OF CARBONATE SATURATION

The degree of saturation (DS') is calculated from the ratio of ion molality product (IMP)
to the apparent solubility product (K'Sp):

DS'=IMP/K'sp

The degree of saturation of the pore fluids to aragonite (DS'a), calcite (DS’c), high
magnesium calcite (DS'hmc, represented by a hmc with 12.7 mol% Mg) and dolomite (DS'dol)
are calculated as follows (Edmond and Gieskes, 1970):

DS’a = [Ca2+] [C 0 3 2 -]/K’a
DS’c = [Ca2+] [C 0 3 2 -]/K’c
DS'hmc = [Ca2 + ] ° - 8 7 3 [Mg2+]0-127[CO32-]/K'mc
DS’dol = [Ca2+] [Mg2 +][C 0 3 2 -]2 /K’dol

where K'a , K'c ,K'hmc and K'dol represent the apparent solubility products of aragonite,
calcite, high magnesian calcite and dolomite; [Ca2+] and [Mg2+] are measured calcium and
magnesium concentrations in the pore fluids; [C032*] is calculated based on the following
equation (Edmond and Gieskes, 1970):

[C 032-] = ALKc/(2 + aH+/K 2 ')
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where ALKc is the calculated carbonate alkalinity, aH+ is the activity of hydrogen ion, and K' 2
is the HCO3 apparent dissociation constant.

Three states of saturation can be discerned:
1. Supersaturated solution:

IMP > K’sp; DS’ > 1

2. Saturated solution: IMP =

K 'sp;

3. Undersaturated solution:

IMP < K'sp; DS' < 1

DS' = 1

The effects of chlorinity, temperature and pressure on the

K 'a

and

K 'c

using the procedures described by Gieskes (1974) as follows:

-logK’2= 2902.39/T + 0.02379T - 6.471 - 0.4693 C l 1/3

K 'a

= (0.1614 + 0.02892 Cl - 0.0063t)*10-6

K 'c

= (0.5115 + 0.02892 Cl - 0.0063t)*10-6

Iog((Ki')p/(K|')!) = -AV (P-1)/2.303RT

AVi' = -(24.2 - 0.085t)/cm3/mol
AV2 ’ = -(16.4 - 0.040t)/cm3/mol
AVca = -(47.5 - 0.23t)/cm3/mol
AVa’ = -(45.0 - 0.23t)/cm3/mol
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were calculated
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where:
K'2 = HCO3 apparent dissociation constant
2.303RT = 2.303*82.0562*T cm 3 atm/mol °K
T = °K
t = °C
ca = calcite
a = aragonite
Cl = chlorinity
The chlorinity can be derived using the following equation:
S(°/oo) (salinity) = 0.030 + 1.805C1 (°/oo)

A temperature of 6.9°C and pressure of 60 atm (for 600 m water depth) have been used
in this study.

The temperature effects on K'dol is calculated using the following equation (Langmuir,
1971):

-log K'dol = 17.0 + AH°298/4.576(l/T-1/298) - AC°298/1.987[ l/2.303(298/T-1) log(298/T)]

where: AC°298 = -224 cal/deg mol
AH°298 = -9280 cal/deg mol
K'dol = Kdol/(gmg*gca*gc03)
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where g is the solid activity coefficient, and gca =0.21, gmg = 0.26, gC Q 3 = 0.021 (Berner,
1971).

The apparent solubility product constant for a high magnesian calcite is calculated based
on following:

K'hmc = Khmc/(gmg0 -,2 7 *gca0 ,8 7 3 *gco3 )

Since the Khmc is 10 _7-82 (Plummer and Mackenzie, 1974), using the solid activity
coefficients of Ca, Mg, and CO 3 2 - derived by Berner (1971), a value of 10 *5 -4 8 for K'hmc
was obtained at 19°/oo chlorinity and 25°C:

The temperature effects on the K'hmc is then calculated based on the following equation
(Edmond and Gieskes, 1970):

K’hmc = (2.95 + 0.02892C1 - O.C063 t)* 1 0 ‘ 6

where t is temperature in °C.
The same amount of pressure effects on DS'a and DS'c was applied to DS'hmc
and DS'dol. DS'a and DS'c of pore fluids at 60 atm are about 93% of that at 1 atm.
DS'hmc and DS'dol of pore fluids at 60 atm were thus obtained by mutiplying the values
at 1 atm with 0.93.
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C ERROR CALCULATIONS FOR DATING

C l. 228x11/228^ 210pb/226Ra? anj 2 2 8 ^ ^2 2 6 ]^ activity ratio errors
The 20 errors of the activity ratios were calculated as follows (Taylor, 1982):

Where 2 0 r is the ratio error, Oj and < ? 2 are the counting errors for nuclides A{
and A2 - A[ is the numerator whereas A 2 is the denominator in the ratio calculation.
For example, in 228xh/228Ra activity ratio method, A j is 2 2 8 ^

^

is 228Ra.

C2.228xh/228Ra an(j 210p|)/Ra226 age error

2 0 A = [(ti -t) + ( t - t 2)]
Where GA is the age error, t is the age determination from measured isotope ratios,
t} is the age determination from the measured isotope ratio plus the 2 ( J r , and t2 is the
age determination from the measured isotope ratio minus 2 0 r .
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C3. Initial 228Ra/226Ra error

The 2o initial 228Ra/226Ra error was calculated using the following equation:

2a (initial 228Ra/226Ra) = ^ 228Ra
A22«Ra

/

A/

2g^R a 2
' A228Ra '

'

A2 2 6 ,u '

Where a ^ ^ R a and o^^^Ra are the counting errors for nuclide 228Ra and 226Ra>
A226Ra and A226Ra are the activities of 228Ra and 226Ra in dpm/gm.
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D BARITE SATURATION INDEX FOR PORE FLUIDS FROM BARITE AREAS
Sample

S04

Ba

DS

DS

(mM/L)

(pM/L)

(0°C, 1 atm)

(0°C, 500 atm)

1.4
0.9
3.5
14.4
659.0

11.6
6.1
14.0
17.8
97.2

5.2
2.7
6.3
8.0
43.8

3999.6
3988.8
6101.0
6740.0
3405.0
2115.0

826.3
706.3
900.3
1193.5
803.9
312.1

372.0
318.0
405.3
537.4
362.0
140.5

2.1
1.7

13.7
11.5

6.2
5.2

M ississippi Canyon block 929
28.1
3559-2-14
22.8
3559-2-17
13.6
3559-2-20
4.2
3559-2-23
0.5
3559-2-32
Garden Banks block 382
0.7
3566-1-15
0.6
3566-1-18
0.5
3566-1-21
0.6
3566-1-24
0.8
3566-1-27
0.5
3566-1-30
3566-2-27
3566-2-30

22.1
22.9

Notes: Degree o f saturation (DS) is calculated based on the ratio o f activity
product of barium and sulfate ions (LAP) to the solubility product o f the pure
barite (Kd). DS = IAP/Kd. IAP = [Ba2+][S 0 42 ] = [ m BaYBJ [ m S0 4 Ysc>4]- Where
m and y are molality and activity coefficient. The param eters used here are as follows:
at 0°C, 1 atm, Ybq = 0-22, Y s o t = 0.07, Kd = 5.4x 10-11; at 0°C, 500 atm,
YBa = 0.22, Yso4 = 0.09, K j = 1.5x10-10 (Church, 1970).
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